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ABSTRACT
P o s i t r o n  a n n i h i l a t i o n  h as  been s t u d ie d  i n  a number o f  s o l i d s ,  and 
a t  some condensed  m onolayer  s u r f a c e s .  The b u lk  sp ec im en s ,  which  
in c lu d e d  cadmium, t i n ,  s e le n iu m , and g r a p h i t e ,  y i e l d e d  in f o r m a t io n  on 
l a t t i c e  d e f e c t s  and phase t r a n s i t i o n s .  Two d im en s io n a l  l a y e r s  o f  
condensed  g a s e s ,  i n c l u d i n g  argon , n i t r o g e n ,  oxygen  and h elium  r e s u l t  
i n  p o s it r o n iu m  fo r m a t io n  s u g g e s t i n g  t h e  e x i s t e n c e  o f  p o s i t r o n  su r fa c e  
t r a p s .
The Doppler b ro a d en in g  method has been  a p p l i e d  t o  t h e s e  s t u d i e s .  
The 511-Kev Gamma-rays r e s u l t i n g  from th e  a n n i h i l a t i o n  o f  p o s i t r o n s  
w ith  e l e c t r o n s  was d e t e c t e d  by a Germanium d e t e c t o r  w i th  h igh  
r e s o l u t i o n .  The cadmium and t i n  sp ec im en s  w ere  p l a s t i c a l l y  deformed  
a t  77k and m easurem ents w i t h  i n c r e a s i n g  tem p era tu re  p rov ided  
in f o r m a t io n  on phase t r a n s i t i o n s ,  a n n e a l in g  p r o c e s s e s  and on th e  
n a tu r e  o f  th e  d e f e c t s  co n cern ed .
The a p p l i c a t i o n  o f  th e  p o s i t r o n  t r a p p in g  model p r o v id e s  v a l u e s  o f  
th e  va ca n cy  fo r m a tio n  energy  ( e n t h a l p y )  and o f  th e  c o n c e n t r a t io n  o f  
m on ovacan c ies  and d i v a c a n c i e s .  The en ergy  s p e c t r a  w ere  a n a ly s e d ,  w ith  
G a u ss ia n  and P a r a b o l i c  components c o n v o lu te d  w i th  in s tr u m e n ta l  
r e s o l u t i o n  f u n c t i o n ,  t o  i n d i c a t e  th e  p r o p o r t io n  o f  a n n i h i l a t i o n  o f
p o s i t r o n s  w i t h  c o r e  and c o n d u c t io n  e l e c t r o n s .
An im p o rta n t  r e s u l t  o f  th e  work on t i n  was t h e  o b s e r v a t io n  o f  th e
phase t r a n s i t i o n  o f  w h i t e - t i n  t o  g r a y - t i n  a t  240K.
P o s i t r o n  t r a p p in g  a t  g r a p h i t e  s u r f a c e s ,  and t h e  fo r m a tio n  o f
p o s it r o n iu m  has been o b se r v e d  by in t r o d u c in g  a param eter R, r e l a t e d  t o  
t h e  p o s it r o n iu m  f r a c t i o n  i n  t h i s  work. The growth o f  m onolayers  o f  
g a s e s  condensed  on g r a p h it e  has been  o b s e r v e d  i n  t h e  changing  o f  th e
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t o t a l  a rea  o f  th e  a n n i h i l a t i o n  l i n e  shape spectrum , and a l s o  in  th e  
ch a n g in g  p o s i t r o n iu m  f r a c t i o n  p aram eter .  E s t im a te d  v a l u e s  o f  
a d s o r p t io n  e n e r g i e s  a r e  d i s c u s s e d .
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Chapter I -  I n t r o d u c t i o n  t o  p o s i t r o n  e l e c t r o n  a n n i h i l a t i o n
1 . 1 - G eneral in t r o d u c t i o n :
The p o s i t r o n  i s  an a n t i p a r t i c l e ,  w hich was f i r s t  p r e d ic t e d ,  
t h e o r e t i c a l l y  by D ira c  ( 1 9 3 0 ) .  I t  was o b serv e d  l a t e r  e x p e r im e n ta l ly  
by Anderson (1 9 3 3 )  in  c lo u d  chamber p hotograp hs o f  cosm ic r a d i a t i o n  a t  
P asadena , C a l i f o r n i a ,  and by O cch in i  and B l a c k e t t  who w ere  w orking on  
th e  c o n s t r u c t i o n  o f  th e  c o u n t e r - c o n t r o l l e d  c lo u d  chamber in  England.
In  f a c t  th e  p o s i t r o n  i s  an a n t i e l e c t r o n  w ith  th e  same r e s t  m ass,  
m a g n e t ic  moment, and s p in ,  but w i t h  o p p o s i t e  e l e c t r i c  charge e = - e ,  and 
s t a b i l i t y  in  vacuum. P o s i t r o n s  can be produced by th e  b e ta -d e c a y  mode 
of th e  i s o t o p e  of an e le m e n t ,  and a l s o  by i n t e r a c t i o n  o f Gamma-rays 
w ith  th e  su rro u n d in g  f i e l d  o f  a tom ic  n u c le u s  o f  m a tter  ( p a i r  
p r o d u c t i o n ) .  The c o n s e r v a t io n  o f  energy  and momentum are  v i o l a t e d  in  
f r e e  space f o r  p a ir  p r o d u c t io n .
The f i r s t  o b s e r v a t io n  o f a n n i h i l a t i o n  o f  p o s i t r o n s  w i t h  e l e c t r o n s  
" r e s u l t i n g  two Gamma-rays i n  o p p o s i t e  d i r e c t i o n s "  was found i n  a n g u la r  
c o r r e l a t i o n  m easurem ents  by B e r in g e r  and Montgomery ( 1 9 4 2 ) .  A f t e r  
t h a t  many ex p er im en ta l  works have shown t h a t  p o s i t r o n s  a re  n o t  s t a b l e  
i n  m a t t e r ,  and th ey  a n n i h i l a t e  i n  l e s s  than  a few n a n o - s e c o n d s , th#T 
i s  t h e  l i f e t i m e  of th e  p o s i t r o n .  R e c e n t ly  ex p er im en ta l  works on 
p o s i t r o n  a n n i h i l a t i o n  w i t h  e l e c t r o n ; i n  m a t te r  have : shown
t h a t  t h i s  t e c h n iq u e  can be a good t o o l  f o r ^ i n v e s t i g a t i o n  of . / / s  
e l e c t r o n i c  s t r u c t u r e  and c o n c e n t r a t i o n  o f  d e f e c t s  and t h e i r
te m p era tu re  d ep en dences  ( S i e g e l  1 9 8 0 ) .  When th e  p o s i t r o n  e n t e r s  
condensed  m a t t e r ,  i t ;  is t o  therm al en ergy  ( few  ev) In
q tim e l ^ l e s s  th a n ^ n a n o -seco n d ,  by i o n i z a t i o n  o f th e  medium and th e n  
a n n i h i l a t e s  w i th  co r e  e l e c t r o n s  or c o n d u c t io n  e l e c t r o n s  ( f r e e
e l e c t r o n s ) .  In  an i n s u l a t o r  p o s i t r o n s  can c a p tu r e  an e l e c t r o n  t o  form
p o s it r o n iu m  atoms (Hydrogen l i k e ) ,  and th e n  a n n i h i l a t e  i n  d i f f e r e n t  
m odes. p o t h e r  p r o c e s s  w h ich  f $  o b se r v e d  i s  tr a p p in g  o f  p o s i t r o n
a t  a vacan cy  in  m e t a l s .  The l i f e t i m e  o f  p o s i t r o n s  in c r e a s e d  when  
th ey  a r e  trapp ed  i n  v a c a n c i e s .  R e c e n t ly  s c a t t e r i n g  o f  p o s i t r o n  beams 
w ith  s u r f a c e s  o f  m e t a l s  has p ro v id e d  some in fo r m a t io n  about e l e c t r o n i c  
s t r u c t u r e  o f  th e  s u r f a c e  o f m e t a l s .  The a n n i h i l a t i o n  o f  a p o s i t r o n  
w ith  e l e c t r o n s  i s  summarized i n  F i g ( l . l . l )
annihiLation j
m ode time
~  0.2 ns"free" positron
thermcLization
trn p p e d  positron
{seLf-a.nnihiLa.tion)
p P s
{pi ck-of f )
sampLe
{seLf-annihiLation)
o P s
{pi ck-of f )
~  0.5ns
~  0.1 ns
~  1 ns
~  140 ns
~  1 ns
F i g ( l . l . l )  P o s i t r o n  i n  s o l i d s  a n n i h i l a t e  from d i f f e r e n t  s t a t e s  w i t h  
e x p e r im e n ta l ly  d i s c e r n i b l e  a n n i h i l a t i o n  c h a r a c t e r i s t i c s .
The p o s itro n iu m  s t a t e  may decay 3Y or 2P^ o r t h o - p o s itro n iu m  or
p a r a -p o s i tr o n iu m  r e s p e c t i v e l y ,  but som etim es o -P s  atoms p i c k - o f f
an oth er  e l e c t r o n  and a n n i h i l a t e  to  two y ' s  i n  th e  s h o r te r  l i f e t i m e .
T his  i s  b eca u se  th e r e  i s  an o v e r la p  b etw een  th e  o -P s  w a v e fu n c t io n  and
s p in -a v e r a g e d  e l e c t r o n  w a v e fu n c t io n  o f  th e  medium which  g i v e s  r i s e  to
e l e c t r o n  p i c k - o f f  where th e  p o s i t r o n ,  bounded w i t h  an e l e c t r o n  in  an
o - s t a t e ,  a n n ih i la t e s j î^ n  a p -P s  w i t h  an e l e c t r o n  o f  medium (Brandt
p o s i t r o n  s o l i d  s t a t e  p h y s i c s  1 9 8 3 ) .
P o s i t r o n  a n n i h i l a t i o n  w i t h  m a t te r  can be c a t e g o r i s e d  a s :
a ) p o s i t r o n  a n n i h i l a t i o n  i n  a m e ta l  g i v e s  in f o r m a t io n  about th e
e l e c t r o n i c  s t r u c t u r e  o f  th e  m e t a l ,  l a t t i c e  d e f e c t  c o n c e n tr a t io n s a n d
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e n th a lp y .
b ) P o s i t r o n  a n n i h i l a t i o n  a t  a s u r fa c e  g i v e s  in f o r m a t io n  on e l e c t r o n i c  
s t r u c t u r e  of th e  s u r fa c e  and ad sorb ed  g a s e s .
c)Measurement in  a n n e a le d  m e t a l s  g i v e s  in f o r m a t io n  about th e  momentum 
d i s t r i b u t i o n  o f  t h e  e l e c t r o n s  i n  m e t a l s  and a l s o  th e  Fermi energy of  
th e  e l e c t r o n s .
d ) F in a l ly ^  p o s i t r o n  a n n i h i l a t i o n  i s  a te ch n iq u e  to  i n v e s t i g a t e  
p h a s e - t r a n s ih o n f  i n  m e t a l s  and a l l o y s ,  such as th e  m e l t in g  p o in t ,  
r e c r y s t a l l i z a t i o n ,  c r y s t a l  t r a n s i t i o n s  e tc .(D o y a m a ,  1979)
1 . 2 - P o s i t r o n s  s o u r c e s :
P o s i t r o n s  a r e  e m it t e d  by th e  p r o c e s s  o f  ^-decay from a number of
n u c l e i  such as ^^Ne, ^^Na, ^^Ti, ^^Co,^^Cu, and^^Ge. The most u s e f u l
sou rce  is^^N a, f o r  many e x p e r im e n ta l  methods i t  i s  e a ^ s i e r  t o  o b ta in
as w e l l  as b e in g  ch eap er  than t h e  o t h e r s .  On t h e  o th e r  h a n d ^ it  has a
lo n g  h a l f  l i f e  ( 2 . 5 8  y ) . I t  i s  u sed  n o rm a lly  fo r  l i f e t i m e  m easurenent
ex p er im en ts  b eca u se  e m is s io n  o f  th e  p o s i t r o n  and th e  h ig h  energy
gamma-rays occur s i m u l t a n e o u s ly .  T h is  so u rce  i s  u s u a l l y  a v a i l  a b le  as
NaCl s o l u t i o n ,  I t  v a p o u r i s e  a t  s l i g h t l y  above 6 OOK^therefore i t  i s
n o t  a good so u rce  f o r  in v e s t ig ^ D h ^  v a ca n cy  fo r m a t io n  f o r  m e t a l s  w i t h
h ig h  m e l t in g  p o i n t s  such as  Copper, Carbon, e t c .  The o th e r  u s e f u l
64sou rce  fo r  p o s i t r o n  a n n i h i l a t i o n  m easurem ents i s  Cu w hich  has a s h o r t
l i f e t i m e  but a h ig h  m e l t in g  p o i n t .  I t  i s  u s u a l l y  used  f o r  D oppler
broad en in g  and a n g u la r  c o r r e l a t i o n  m easurem ents .  ^%e and ^^ o  a r e  a l s o
used  i n  measurement of p o s i t r o n  a n n i h i l a t i o n  s t u d i e s .  T h is  i s  b eca u se
qùer
68 *  ;
Ge has a r e l a t i v e l y  lo n g  l i f e t i m e  and i t  / r i s e  t o  a v er y  sm all
background. A l l  th e  p o s i t r o n  s o u r c e s  and t h e i r  p r o p e r t i e s  haV fbeen
arranged  i n  t a b l e d  .2 .1 ) .
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ISOTOPES HALF-LIFETIME MAXIMUM ENERGY 
OF POSITRON(Kev)
INTENSITY OF 
COINCIDENT y-RAYS
f*Ne 1 7 .4 8  S 2220 100%
^^Na 2 . 5 8  Y 545 90%
^^Ti 4 7 .0  Y 1470 94%
7 1 .3  days 480 15%
^ u 1 2 .9  h 650 0%
27 5 .0  days 1880 1.5%
68^
T a b l e d . 2 . 1 )
The d is a d v a n ta g e  of "Ge sou rce  i s  i t s  sam ple p r e p a r a t io n ,  b ecau se  i t  
i s  r a t h e r  d i f f i c u l t .  The sample p r e p a r a t io n  f o r  D oppler broad en in g  
measurement u s u a l l y  i s  d i r e c t  e v a p o r a t io n  o f  th e  sou rce  s o l u t i o n  on 
th e  c e n t r e  of specim en, and sa n d w ich es  t o g e t h e r  by wrapping aluminium  
or copper f o i l s .
1 . 3 -  P o s i t r o n  t h e r m a l i z a t i o n :
When a p o s i t r o n  e n t e r s  condensed  m a t te r ,  i t  r a p i d l y  l o s e s  i t s  
energy  in  a t im e  s h o r t  compared t o  i t s  l i f e t i m e  by i n e l a s t i c  
i n t e r a c t i o n  w i t h  io n s  or e l e c t r o n s  o f  th e  medium, and th e  p o s i t r o n
becomes t h e r m a l i s e d .  The p r o b a b i l i t y  of t h e r m a l i z a t i o n  of p o s i t r o n  i s
g iv e n  a s :
P (x )=A  e x p ( - c ^ d x )  ( 1 . 3 . 1 )
where P (x )  i s  p r o b a b i l i t y  o f p o s i t r o n  t h e r m a l iz in g  betw een  d i s t a n c e  x  
and x+dx and i s  th e  r e c i p r o c a l  o f  t h e  mean f r e e  path of th e
p o s i t r o n  a f t e r  t h e r m a l i z a t i o n ,  and i s  p r o p o r t io n a l  to  maximum energy  
of p o s i t r o n  and t h e  d e n s i t y  o f t h e  m e t a l .  The mean f r e e  path (R) can  
be o b ta in e d  from:
R=0.407XE" /d  ( 1 . 3 . 2 )
max
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where d i s  d e n s i t y  and n =1 .3  8 f o r  0 . 1 5<E <0.8  Mev. E s t im a t io n s  o f ^ max
th e  mean f r e e  p ath  f o r  c e r t a i n  m e t a l s ,  i n c lu d in g  t h e  range of sam ples  
s tu d ie d  i n  t h i s  work, a r e  shown i n  t a b l e  ( 1 , 3 . 4 ) .
M eta ls  Zn Cd G ra p h ite  Se C Sn Pb
Maximum Range(^m) 248 203 1872 367 766 306 156
T a b l e d . 3 .3 )
1 . 4 - P o s i t r o n  a n n i h i l a t i o n :
T herm alized  p o s i t r o n s  i n t e r a c t  w i th  e l e c t r o n s  and io n s  in  th e
medium? t h i s  i s  i n  agreem ent w i t h  th e  la w s  o f  quantum electrodynam ics?
( B e r e s t e t s k i i  e t  a l  1 9 7 1 ) .  As a r e s u l t  o f  t h i s ,  a p o s i t r o n - e l e c t r o n
p a ir  can be r a d i a t e d  M th e  form of e l e c t r o m a g n e t i c  en e r g y .  The
amount of energy  r e l e a s e d  i n  t h i s  p r o c e s s  can be c a l c u l a t e d  from th e
c o n s e r v a t io n  o f  en erg y ;
E=2Xmc^+E,+E. ( 1 . 4 . 1 )
e k b
where i s  t o t a l  k i n e t i c  en ergy  o f p o s i t r o n r e l e c t r o n  p a ir  , and E^ i s
b in d in g  e n e r g y .  A l l  th e  p o s i t r o n s  h a v in g  s u r v i v e  th e  s lo w in g  down
p r o c e s s ,  b e f o r e  b e in g  a n n i h i l a t e d  by e l e c t r o n s  o f th e  medium, t h e i r
k i n e t i c  energy  re d u ce s  t o  th e  o rd er  of a few e l e c t r o n v o l t s  and t h i s  i s
much s m a l le r  than  t h e  t o t a l  r e s t  mass en ergy  of th e  e l e c t r o n - p o s i t r o n
p a i r s .  I f  th e  bound s t a t e  e x i s t s  th e  b in d in g  en ergy  i s  so sm a ll
2
thq|~ th e  t o t a l  energy  E=2m^ is ^ e n e r g y  o f a n n i h i l a t i o n .  The b in d in g  
energy o f  th e  p a ir s  i s  6 .8 eV  in  f r e e  space and may be even  sm a l le r  in  
m a tte r  (Ore and P o w e ll  1 9 4 9 ,  W allce  1 9 6 0 ) .  From th e  t o t a l  momentum 
and en ergy  c o n s e r v a t io n  a t  l e a s t  two p h otons  sh ou ld  be e m it te d  by t h i s  
p r o c e s s  (Yong 1950) . A n n i h i l a t i o n  t o  a s i n g l e  photon  i s  p o s s i b l e  o n ly  
in  p r e se n c e  o f t h i r d  body such as  an e l e c t r o n  or a n u c le u s  w hich  can  
adsorb  th e  r e c o i l  momentum. I f  p o s i t r o n - e l e c t r o n  p a ir  i s  n o t  f r e e  i t  
can i n  c e r t a i n  c a s e s  b in d  t o g e t h e r  (known a s  p o s itro n iu m  f o r m s ) ,  which
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a r e  found i n  n o n - m e t a l l i c  e l e m e n t s  and a t  th e  s u r fa c e  of m a t e r i a l s .
The decay mode of t h i s  p r o c e s s  a l s o  o b ey s  th e  e le c t r o m a g n e t i c  la w s ,
th u s  th e  en er g y ,  momentum, ch arge  p a r i t y  and s p in  charge must be
c o n ser v ed .  I f  t h e  i n i t i a l  s t a t e  o f  a n n i h i l a t i n g  p a ir s  i s  w e l l
d e f in e d ,  so th e  e f f e c t  o f  c o n s e r v a t io n  law s on decay mode a r e  e a s i l y
dem on strated  (M uirhead e t  a l  1 9 6 5 ) .  I f  th e  p o s itro n iu m  i s  formed in
th e  ground s t a t e  ( i . e .  th e  t o t a l  a n g u la r  momentum L =0),  th en ,  t h e  Ps
a ta a  depends on s p in  o r i e n t a t i o n .  T h e r e f o r e  th e  Ps atom can e i t h e r  be
i n  t h e  s i n g l e t  s t a t e  ( ^S^) or t r i p l e t  s t a t e  ( ^ S ^ )  w ith  t o t a l  s p in  z e ro
or one r e s p e c t i v e l y .  The charge p a r i t y  must be co n serv ed  in  p o s i t r o n
e l e c t r o n  i n t e r a c t i o n s  w i t h  f i n a l  s t a t e .  The t o t a l  charge p a r i t y  of
sy stem , g i v e n  by B e r e s t e t s k i i  e t  a l  ( 1 9 6 1 ) ,  i s  ^  =P P^ P^  , w here P. i s
i n t r i n s i c  p a r i t y ,  and i t  i s  e q u a l  to  "-1" f o r  p a r t i c l e  and "1” f o r
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a n t i p a r t i c l e  sy s te m . P^ i s  o r b i t a l  p a r i t y  and i t  i s  g iv e n  by P = ( - 1 )
s+ 7
and Pg i s  s p in  p a r i t y  e q u a ls  P g = ( -1 )  . T h e r e fo r e  th e  charge p a r i t y
of th e  l e f t  s id e  i s ;
I 5 + 7  s+ l
P = ( - l ) ( - l )  ( - 1 )  = ( - 1 )  ( 1 . 4 . 1 )
On th e  o th e r  hand t h e  charge p a r i t y  of a photon  i s  n e g a t i v e ,  th en :
s+l n
P = ( - 1 )  = ( - 1 )  ( 1 . 4 . 2 )
where n i s  number o f th e  photon  e m is s io n .
T h e r e fo r e  fo r  th e  s i n g l e t  s t a t e  L+S=J=even i t  means n sh ou ld  be even .  
For J=0 two p h o to n s  e m is s io n  i s  u s u a l l y  o b se r v e d .  For L+S=J odd th e  n 
sh ou ld  be odd, one or t h r e e  photon e m is s io n  i s  p o s s i b l e ,  but
about 90% t h r e e  p h o to n  e m is s io n  i s  o b s e r v e d .  The ca se  of s i n g l e t  
e l e c t r o n  p o s i t r o n  p a ir s  i s  known a s  p a ra p o s itro n iu m  (p P s)  and t r i p l e t  
a s  o r th o p o s itro n u m  ( o P s ) .  S t a t i s t i c a l l y  o n e -q u a r te r  o f Ps decay  
t o  two F -r a y s  and t h r e e - q u a r t e r  t o  t h r e e  F -r a y s .  But Kerr 1974 showed 
t h a t  th e  a n n i h i l a t i o n  o f  p o s i t r o n s  i n  p o s itro n iu m  formed i n  
polym ers was o n e - t h i r d  pP s.  That may be tô p i c k - o f f  by
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a n o th er  e l e c t r o n  and a n n i h i l â t # #  i n  <X t im e  s h o r t e r  than oPs i t s e l f
( i n  f r e e  space i s  140 n s ) .  A nother p o s i b i l i t y  i s  t h a t  th e  sp in
exchange p r o c e s s  may o c c u r .  I t  means t h a t  th e  t r i p l e t  s t a t e  ( S^) 
quenching  t o  a s i n g l e t  s t a t e  (^S^)^as i s  o b se r v e d  i n  oxygen  m o n o la y ers  
on aluminum in  room tem p era tu re  (Lynn and L utz 1 9 8 0 ) .  I t  was a l s o  
o b serv e d  i n  a d s o r b t io n  o f  oxygen  on g r a f o i l  a t  low tem p eratu re  i n  t h i s  
work.
1 . 5 - P o s i t r o n  wave f u n c t i o n  and a n n i h i l a t i o n  r a t e :
In  1950 (De B e n e d e t t i  e t  a l )  s u g g e s t e d  t h a t  th e  p o s i t r o n  w a v e fu n c t io n  
was r e p r e s e n t e d  by s i n g l e  p la n e  w ave, i d e n t i c a l  to  t h a t  of th e  
o n e - e l e c t r o n  w a v e f u n c t io n ,  'P ( r ) = c o n s t a n t , s in c e  k=0 a t  ground s t a t e .  
On th e  o th e r  hand, s in c e  Coulomb r e p u l s i o n  o f  th e  p o s i t r o n  w ith
n u c le u s  i s  n o t  in c lu d e d  t h i s  does n o t  a c c u r a t e l y  r e p r e s e n t  t h e
w a v e fu n c t io n  i n  t h e  co r e  r e g io n .  Berko and P l a s k e t t  (1958) employed  
t h e  W iy r e r - S e i t z  method, which a p p ro x im a tes  t h e  c e l l  by a sp h e re ,  t o  
c a l c u l a t e  th e  p o s i t r o n  w a v e fu n c t io n  i n  t h e  c o r e  r e g io n  f o r  aluminium  
and co p p er ,  g iv e n  by
V^(r)=R_^(r ) / r  ( 1 . 5 . 1 )
w here th e  R_j_(r) s a t i s f i e d  th e  s c h r o e d in g e r  e q u a t io n
2 2
(d /d r  +E+2V(r))R_^(r)=0 ( 1 . 5 . 2 )
where V (r )  was ta k e n  t o  be th e  p o t e n t i a l  of th e  p o s i t i v e  i o n ,  to g e th e r  
w ith  a un iform  charge d i s t r i b u t i o n  p o t e n t i a l  due t o  v a le n c e  e l e c t r o n s .
The c r o s s - s e c t i o n  o f  th e  e l e c t r o n - p o s i t r o n  i n t e r a c t i o n  has been
c a l c u l a t e d  by D ir a c .  The r e s u l t  f o r  tw o -p h o to n s  e m is s io n  i s ;
P 2 2 V2 2 1/2
a(2)=7rr^/(F+l){(F+4F+l)/(F-l) .Ln[F+(F-l) ] - (F+3)/ (F-1)}  (1 .5 .3 )
0
2 2 . . 2  2  ~1(2 
w here = e /m^c i s  c l a s s i c a l  r a d iu s  and F = ( l - v  / c  ) . For v<<c and
2 2 2 2
u s in g  F - l = ( v  / c )V so  th e  e x p r e s s io n  s i m p l i f i e s  t o :
o^2)=2#r^c/v (1 .5 .4 )
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/fc:
The a n n i h i l a t i o n  r a t e  i s / n u m b e r  o f p o s i t r o n ?  w i t h  v e l o c i t y  v
A.Kc{
a n n i h i l a t e d  by e le c t r o n ^ w it h  d e n s i t y  per  u n i t  volum e i ^ s  g iv e n  by
^ = # ( 2 ) n . v  ( 1 . 5 . 5 )
The r e s u l t  o f  e q u a t io n  ( 1 . 5 . 2 )  g i v e s  t h e  ground s t a t e  w a v e fu n c t io n  o f  
p o s i t r o n  and e l e c t r o n  p a ir s  (p o s i t r o n iu m )  by
*F(r)=(7ra^y^ e x p ( - r / a )  ( 1 . 5 . 6 )
2 2
w here a=2ti /m^e i s  t h e  Bohr r a d iu s  o f p o s it r o n iu m  atom and r  i s
2
r e l a t i v e  c o o r d in a t e .  The e l e c t r o n  d e n s i t y  a t  p o s i t r o n  i s  n = |'F (0) |  
th e n  s u b s t i t u t e  ( 1 . 5 . 4 )  t o  ( 1 . 5 . 5 ) ,  so t h e  decay r a t e  of p o s it r o n iu m  
i s  g i v e n  a s ;
Ç=4r^c/a'^ ( 1 . 5 . 7 )
The p o s i t r o n  l i f e t i m e  i s  in v e r s e  o f decay r a t e  t h e r e f o r e  bpg^=123 p s e c  
t h a t  i s  th e  p a ra p o s itro n iu m  l i f e t i m e .  I t  can be se e n  t h a t  th e  
c r o s s - s e c t i o n  o f  p o s i t r o n - e l e c t r o n  i n t e r a c t i o n  r e s u l t i n g  i n  two photon  
d eca y s  i s  dependent on t h e  v e l o c i t y  o f  p o s i t r o n  but t h a t  th e  l i f e t i m e  
i s  in d ep en d en t  t h a t .  The e x p r e s s io n  f o r  th e  s p in  a v era g e  c r o s s  
s e c t i o n  f o r  t h r e e -p h o to n  a n n i h i l a t i o n  h a s  b een  fou n d  by ( B e r e s t e t s k i i  
e t  a l  1 9 7 1 ) .
a ( 3 ) = 4 ( n ^ - 9 ) r ^ c a / 3 v  ( 1 . 5 . 8 )
where a  i s  t h e  c o u p l in g  c o n s t a n t .  The l i f e t i m e  o f  o r th o p o s i tr o n iu m  
i s  found t^ ^^l40  n s e c  about 1110 t i m e s ,  g r e a t e r  than tp^^. The 
th r e e -p h o to n  a n n i h i l a t i o n  r a t e  can be i n v e s t i g a t e d  by a t r i p l e t  
c o in c id e n c e  te ch n iq u e  or from a stu d y  o f  t h e  energy s p e c t r a  of  
a n n i h i l a t i o n  p h otons  (De Blonde e t  a l ,  1 9 7 2 ;  G a i n o t t i  e t  a l ,  1 9 6 4 ) .
1 . 6 -The e x p er im en ta l  te c h n iq u e :
The r e s u l t  o f  p o s i t r o n - e l e c t r o n  a n n i h i l a t i o n  i s ,  in  f a c t ,  
p h o to s p e c tr o s c o p y  o f  photon  e m is s io n .  C o n seq u en t ly  any in f o r m a t io n  
from th e  d i s t r i b u t i o n  o f  photon  energy  g i v e s  d i r e c t  in f o r m a t io n  about
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th e  e l e c t r o n  and i t s  a n n i h i l a t i o n  w i t h  th e  p o s i t r o n .  There a r e  th r e e  
u s e f u l  t e c h n iq u e s  i n  p o s i t r o n  e l e c t r o n  s p e c t r o s c o p y ;  l i f e t i m e ,  a n g u la r  
c o r r e l a t i o n  and D op p ler  b ro a d en in g  m easurem ents.
1 . 6 . 1 - L i f e t i m e  m easurem ent:
At th e  t im e 6 ( t )  a f t e r  p o s i t r o n  i n j e c t i o n  i n t o  m e t a l s ,  th e  p o s i t r o n  
w i l l  a n n i h i l a t e  w i t h  an e l e c t r o n ,  a lm ost  a lw a y s ,  y i e l d i n g  two p h o to n s .  
One and t h r e e  p h o to n s  a r e  a l s o  p o s s i b l e  but r a r e .  The p o s i t r o n  
a n n i h i l a t i o n  s p e c t r o s c o p y  measurement t e c h n iq u e s  i n t e g r a t e  o v er  a
la r g e  number of a n n i h i l a t i o n  e v e n t s .  The d i s t r i b u t i o n  o f  th e  6 ( t )  
v a lu e s  f o r  a number o f t h e s e  e v e n t s ,  measured i n  a l i f e t i m e  ex p er im en t  
y i e l d s  in fo r m a t io n  on t h e  t o t a l  e l e c t r o n  d e n s i t y  P ( r )  in  th e  r e g i o n  o f  
a n n i h i l a t i o n .  T h is  i s  b eca u se  th e  p o s i t r o n  a n n i h i l a t i o n  r a t e  A i s  th e  
r e c i p r o c a l  of p o s i t r o n  l i f e t i m e ,  and i s  g iv e n  by o v e r la p  i n t e g r a l  of 
th e  p o s i t r o n  and e l e c t r o n  d e n s i t i e s  ( S i e g e l  1 9 8 0 ) .
A =7rr^c ^ ( r  ) ^  ( r ) d r  ( 1 . 6 . 1 . 1 )
where r  ^ i s  c l a s s i c a l  e l e c t r o n  r a d iu s ,  c i s  t h e  v e l o c i t y  o f l i g h t  and
f ^ ( v )  i s  e l e c t r o n  d e n s i t y ,  ^  ( r  ) i s  p o s i t r o n  d e n s i t y  in  th e  m e t a l .
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The p o s i t r o n  so u rce  used  i n  t h i s  te c h n iq u e  i s  Na b eca u se  i t s  lo n g  
h a l f  l i f e t i m e ^  and a l s o  90%^i n t e n s i t y  of p o s i t r o n  a c t i v a t i o n  i n c l u d e s  
1.28Mev h igh  F -r a y  energy a t  th e  same t im e .  , The so u rce  sh o u ld  be
sandwiched b etw een  two i d e n t i c a l  sam ples  b e in g  i n v e s t i g a t e d .  The
t h i c k n e s s  o f  sample must be t h i c k  enough t o  s to p  a l l  p o s i t r o n s .  The 
s ch em a tic  arrangem ent of th e  ap p a ra tu s  used  i n  l i f e t i m e  m easuranent i s  
i l l u s t r a t e d  i n  f i g u r e ( l . 6 . 1 . a ) . As i s  shown i n  t h e  f i g u r e ( 1 . 6 . 1 . a)
two p l a s t i c  s c i n t i l l a t i o n  c o u n te r s  w ere  used  w i t h  p h o t o m u l t ip l i e r
tu b e s .  The two o u tp u t s  o f  th e  d e t e c t o r s ,  one from t h e  511 keV d ea th  of  
th e  p o s i t r o n  and t h e  o th e r  from th e  1 . 2 8MeV b i r t h  of th e  p o s i t r o n  w ere
f e d  t o  t im in g  d i s c r i m i n a t o r s ,  th e  511 keV one a f t e r  b e in g  p a s s e d
nSOURCE p H a )
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F i g ( 1 .6 .1 * a )  Schem atic diagrams o f  ty  p i c a l  L i f e - t im e  measurement,
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through th e  d e la y .  F i n a l l y  b oth  o u tp u t s  w ere  f e d  t o  t h e  t im e p u ls e  
h e i g h t  c o n v e r to r  (o u tp u t  p u l s e  p r o p o r t io n a l  t o  am p litu d e  h e i g h t ) .  The 
d e la y  t im e b etw een  th e  two V -r a y s  e m is s io n  from a n n i h i l a t i o n  and 
sou rce  i s  t h e  l i f e t i m e  o f  p o s i t r o n  ( % ) . The f a s t  c h a n n e ls  a r e  u sed
t o  e s t a b l i s h  6 ( t )  a s  p r e c i s e l y  as f e a s i b l e ,  w h i l e  t h e  slow  c h a n n e ls
u t i l i z i n g  en erg y  s e l e c t i o n  a r e  u sed  t o  d r iv e  l i n e a r  g a t e  t o  t h e
m u lt ic h a n n e l  a n a ly s e r .  T h is  i n  p r i n c i p l e ,  a l l o w s  o n ly  c o r r e l a t e d  
e v e n t s  t o  be s to r e d  i n  th e  c o l l e c t e d  l i f e t i m e  spectrum . The slow
out puts'of d e t e c t o r s  w ere  f e d  t o  p r e a m p li f  ierS a n d ^ a f t e r  b e in g  a m p li f ie d ^
/  t o  th e  u n i t  . t h e  f a s tt o  d i s c r i m i n a t o r s ,  cjHtf qo/zho
/ k
output f  rom ^ T. P.H. C j and f i n a l l y  t o  t h e  m u lt i c h a n n e l  a n a ly s e r  to  
c o l l e c t  th e  spectrum . From th e  spectrum  th e  l i f e t i m e  of p o s i t r o n  can
be o b ta in e d ,  t h i s  l i f e t i m e  f o r  f r e e  p o s i t r o n  a n n i h i l a t i o n  l i e s  b etw een  
100-250  p s e c  and f o r  th e  b u lk  or i o n i c  a n n i h i l a t i o n  b etw een
1 0 0-400  p s e c  but i t  i s  in c r e a s e d  w i th  r e s p e c t  t o  t h e  f r e e  p o s i t r o n
• “ irrodiated
.annealed 180 K
tn 10
annealed 230 Kz
o
0 1 2 3
TIME (ns)
F i g ( 1 . 6 . 1 . b )  P o s i t r o n  l i f e t i m e  s p e c t r a ,  a f t e r  so u rce -b a ck g ro u n d  
s u b t r a c t i o n s  i n  e l e c t r o n - i r r a d i a t e d  h ig h - p u r i t y  a - F e  a t  t h e  v a r i o u s  
s t a g e s .
l i f e t i m e  when th e  p o s i t r o n  i s  trapp ed  by any d e f e c t s  ( v a c a n c i e s .
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d i s l o c a t i o n s ,  e t c . )  i n  t h e  m e ta l  ( S i e g e l  same paper 1 9 8 0 ) .  T y p ic a l  
e x p er im en ta l  l i f e t i m e  s p e c t r a  a r e  shown i n  F i g ( 1 . 6 . 1 . b )  fo r  
w e l l - a n n e a l e d  CK-Fe and e l e c t r o n  i r r a d i a t i o n  O'-Fe. That shows th e  
d i f f e r e n t  s p e c t r a  o f i r r a d i a t i o n  a  - F e  a n n e a le d  a t  two d i f f e r e n t  
tem p era tu res  a t  180K and 230K r e s p e c t i v e l y  ( H a u to j o r v i ,  e t  a l  197 9 ) .  
The spectrum sh o u ld  be f i t t e d  by;
N ( t ) = (  1 - I 2 ) e x p ( - A ^ t )  + I  e x p ( -A ^ t)  ( 1 . 6 . 1 . 1 )
c o n v o lu t io n  w i th  th e  in s t r u m e n ta l  r e s o l u t i o n  f u n c t i o n .  WhereA^=A^ and 
A|j=[A .^ Ip+y^q.C.] / I ^ . Cj i s  th e  c o n c e n t r a t i o n  o f d e f e c t s  and 5. i s  th e  
p o s i t r o n  a n n i h i l a t i o n  r a t e .  The r e s u l t s  o b t a i n  t h e  p o s i t r o n - e l e c t r o n  
l i f e t i m e  and t h e  i n t e n s i t i e s  o f  f r e e  p o s i t r o n  a n n i h i l a t i o n  or tr a p p in g  
w hich a re  both  te m p era tu re  d ep en d en t .  The i n t r i n s i c  t im e r e s o l u t i o n  
o f  l i f e t i m e  system  can be d e term in ed  from th e  prompt curve of ^^Co 
( f u l l  w id th  a t  h a l f  maximum of spectrum FWHM). Complete d e c o n v o lu t io n  
a n a ly s e s  o f  th e  l i f e t i m e  s p e c t r a  can be c a r r ie d  out i n  ord er  to  f i n d  
t h e  p o s i t r o n  l i f e t i m e ,  or l i f e t i m e s  and r e l a t i v e  i n t e n s i t i e s  i n  c a s e s  
i n  w hich  d i s t i n g u i s h a b l e  p o s i t r o n  s t a t e s  o c c u r .  The la r g e  computer  
program sare n e c e s s a r y  t o  a n a ly s e  th e  l i f e t i m e  data  (K irkegoard  and 
Eldrup 197 2 ,  1 9 7 4 ) .
1 . 6 . 2 - A ngular c o r r e l a t i o n  m easurem ent:
I f  both  members o f  an a n n i h i l a t i o n  e l e c t r o n - p o s i t r o n  p a ir  are  a t  r e s t ,  
th e  c o n s e r v a t io n  o f  energy and l i n e a r  momentum demands t h a t  i n  
tw o-p h oton  a n n i h i l a t i o n  th e  two F - r a y s  a r e  e m it te d  w i th  e x a c t l y  th e  
same energy  ^ E^=m^c^^ but i n  o p p o s i t e  d i r e c t i o n s  w i t h  l i n e a r  momentum 
m^c, w here m^ i s  r e s t  m ass o f  e l e c t r o n  or p o s i t r o n .  S in ce  th e  
a n n i h i l a t i n g  p a i r  has a n o n v a n is h in g  l i n e a r  momentum P, t h i s  symmetry 
i s  l o s t  by a d e v i a t i o n  a n g le  from o p p o s i t e  d ir e c t io n ^ © .  U s u a l ly  th e  
a n g u la r  c o r r e l a t i o n  cu rve  i s  N (0 )  v e r s u s  0 .  C on sider  two photons  from
20
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th e  a n n i h i l a t i o n  i n  o p p o s i t e  d i r e c t i o n s  w i t h  a n g le  0 / 2  r e l a t i v e  to  th e  
X -a x is  and w i t h  a n g le  2 r e l a t i v e  Y - a x i s  F i g ( l . 6 . 2 . a ) . From 
c o n s e r v a t io n  o f  momentum and en ergy  i t  can be w r i t t e n
( | P |  + IP^ I )c=2m^c^ ( 1 . 6 . 2 . 1 )
and c o n s e r v a t i o n  o f  momentum g i v e s
P=(^ H-Pg) ( 1 .6 .2 .2 )
where from f i g ( 1 . 6 . 2 . a )  P^  = |p^  | s i n ( 9 / 2 )  + |p ^ |s in ( 0 /2 )  simild^^ y  fo r  P^  , 
and Py assum ing t h a t  0 and v e r y  sm a l l  so i t  can be w r i t t e n  
P2=2mQC0/2 ( 1 . 6 . 2 . 3 )
P =2m^cy/2 ( 1 . 6 . 2 . 4 )
P ( 1 . 6 . 2 . 5)
I f  R(p) i s  th e  p r o b a b i l t y  o f p o s i t r o n  e l e c t r o n  a n n i h i l a t i o n  " in  th e
terms o f  in d e p e n d e n t - p a r t ic ld  -m odel  (IPM)" y i e l d s  two F -r a y s  e m is s io n
w i t h  t o t a l  momentum P. T h e r e fo r e  th e  a n g u la r  d i s t r i b u t i o n  o f th e
gamma-ray e m is s io n  i s  g iv e n  by;
N(02,)=JjR(p)dp^ dp  ^ ( 1.6 .2 .6 )
w here R (p)=7rr^c^ n^ | e x p ( - i p . r )  ^ ( r ) ’P ( r )  | dr ( 1 . 6  . 2 . 7 )  
k
and 'f^(r ) ,  4|^r ) a r e  th e  p o s i t r o n  and e l e c t r o n  wavef u n c t io n
r e s p e c t i v e l y  and n i s  Fermi f u n c t i o n ,  k r e p r e s e n t s  t h e  e l e c t r o n  wave
k
v e c t o r  and bound in d e x .  The a n g u la r  c o r r e l a t i o n  measurement i s  th e  
d i s t r i b u t i o n  o f  momentum v e r s u s  a n g le  0 ,  and t h e r e f o r e  g i v e s
in f o r m a t io n  about l i n e a r  momentum and v e l o c i t y  o f  th e  a n n i h i l a t i n g  
p a ir  and a l s o  th e  Fermi en er g y .  A t y p i c a l  sc h e m a t ic  diagram of th e  
a p p a ra tu s  f o r  a n g u la r  c o r r e l a t i o n  exp er im en t  i s  i l l u s t r a t e d  in
f i g u r e d  .6 .2 .b )  . In t h i s  ex p er im en t  p o s i t r o n  so u rce  u s u a l l y  a re  ^icu, 
^ ^ a  or ^^ Co w i th  g r e a t e r  a c t i v i t y  ( 0 . 0 1 - l C i )  sandw iched  w i t h  th e  sample  
sp ec im en . Two INa(Th) s c i n t i l l a t i o n  c o u n te r s  a r e  u sed  w here one i s
f i x e d  and t h e  o th e r  moves w i th  a n g le  0 i n  t h e  Z - a x i s  d i r e c t i o n .  Both
o u tp u t s  from th e  c o u n te r s  w ere  f e d  t o  t h e  a m p l i f i e r ?  and
2 2
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F i g ( l , 6 . 2 * b )  T y p ica l  diagram o f  apparatus fo r  an gu lar  c o r r e la t io n  
measurement.
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th rou gh  d i s c r i m i n a t o r s  t o  th e  c o in c id e n c e  u n i t .  F i n a l l y  th e  
output from c o in c id e n c e  u n i t  was f e d  t o  th e  s c a l e r .  The spectrum  of  
ex p er im en t i s  c o u n t in g  r a t e  v e r s e s  a n g le  9 .  High a n g u la r  r e s o l u t i o n  
( s o  f a r  ~ 0 .2  mrad) can  be a c h ie v e d  i n  such a system  w hich  u s e s  narrow  
c o l l i m i n a t o r  o p en in g s  combined w i t h  la r g e  sample d e t e c t o r  sep  r a t i o n  
( S i e g e l  1 9 8 0 ) .  The t y p i c a l  example o f  a n g u la r  c o r r e l a t i o n  measurement  
of p o s i t r o n  a n n i h i l a t i o n  i n  aluminum and copper i s  shown i n  
f i g ( l . 6 . 2 . c ) , t h a t  i s  symmetry a t  0=0 w ith  a x es  (H a u to ja r v i  1 9 7 2 ,  
1 9 7 3 ) .
C uUl
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F i g ( 1 . 6 . 2 . c )  A n gu lar  c o r r e l a t i o n  cu rv e s  f o r  (a)Cu and (b )A l  
o b ta in e d  u s in g  a l o n g - s l i t  d e t e c t o r  geom etry .  I n v e r t e d  p a r a b o la  and 
G au ss ian  f i t t e d  t o  d ata  co r r e sp o n d in g  a n n i h i l a t i o n s  w i th  v a la n c e  and 
c o r e  e l e c t r o n  r e s p e c t i v e l y .  0p  i s  F e r m i-s u r f  ace c u t o f f  v a l u e s .
I f  th e  p o s i t r o n  a n n i h i l a t e s  w i th  a gas o f  f r e e  e l e c t r o n s  th e n  N (9 )  i s
c a l c u l a t e d  as
N ( 0 ) = N ( O ) [ l - ( e z / 9 f f  ] for 0 2 < ( 1 . 6 . 2 . 8 )
and N (9)=0 f o r  e l s e w h e r e ,  w here 9^=lik^/m^c i s  t h e  Fermi c u t o f f  a n g le
t h a t  can be s e e n  i n  f i g ( 1 . 6 . 2 . c ) . E x p e r im e n ta l ly  i t  can e a s i l y  be
s e e n  t h a t  an i n v e r t e d  p a r a b o l i c  c o n t r ib u t i o n  r e s u l t e d  from p o s i t r o n
%
a n n i h i l a t i o n  w i th  c o n d u c t io n  e l e c t r o n s  superim posed  w ith /m uch  broader
toUÙU ^
and s lo w e r  v a r y in g  background G a u ss ia n  c o n t r ib u t i o n ^ r e s u l t e d  ftom  
th e  co re  e l e c t r o n s .
For o r th o p o s i tr o n iu m  t h r e e  c o in c id e n c e  c o u n te r s t h a t  w ere  f i r s t
24
b u i l t  by Berko and Mader i n  1 9 7 5 ,  have th e  a d v a n ta g e  of ra p id  data  
a c c u m u la t io n  w hich  aims t o  com pensate f o r  th e  l o s e s  due to  th e  low 
c o u n t in g  r a t e .
1 . 6 . 3 -D o p p le r  b road en in g  measurem ent:
The t h i r d  t y p i c a l  e x p e r im e n ta l  method f o r  e l e c t r o n  p o s i t r o n  
a n n i h i l a t i o n  measurement i s  th e  D oppler  b ro a d en in g  m ethod. Because  
th e  v e l o c i t y  component o f p o s i t r o n  e l e c t r o n  a n n i h i l a t i o n  w i l l  l e a d  to  
D oppler  s h i f t s  i n  th e  energy  o f th e  a n n i h i l a t i o n  p h o to n s ,  t h i s  w i l l  
r e s u l t  i n  a b ro a d en in g  o f  th e  two y - r a y  decay p hoton  l i n e  a t  511 k ev .  
The r e s u l t  of th e  Doppler b ro a d en in g  s p e c tr o s c o p y  of
a n n i h i l a t i o n  l i n e  i s  t h e  d i s t r i b u t i o n  o f number o f  photons  v e r s  s 
e n e r g y .  T h e r e fo r e
P(AE)= j j  R(p)dp^ d%^ ( 1 . 6 . 3 . 1 )
where R(p) i s  p r o b a b i l i t y  of th e  a n n i h i l a t i o n ,  w h ich  i s  found from  
e q u a t io n  (1 .6  , 2 . 7 ) *  From c o n s e r v a t io n  o f  momentum and en ergy  t h i s  can 
be w r i t t e n
2
P = h (P2 - ^ / ) / c  and 2m^c=2hi^ = h(%^  + i^ )  ( 1 . 6 . 3 . 2 )
and th e n
P =2h(u2 -  Pq) / c= 2 h (y Q -P ^ )/c  ( 1 . 6 . 3 . 3 )
i s  t h e  momentum s h i f t  of th e  p h o to n s .
A n n i h i l a t i o n  o f  p o s i t r o n s  a t  r e s t  w i th  e l e c t r o n s  w i t h  th e  Fermi
v e l o c i t y  V^ . y i e l d  an a n n i h i l a t i o n  energy  d i s t r i b u t i o n  w hich  i s  an  
i n v e r t e d  p a r a b o la  c e n tr e d  EQ=mg(f and e x te n d in g  f o r  E = E g ( l-V p /2 c )  t o  
E=Eq(1+Vp / 2 c ) .  The w id th  of p a ra b o la  i s  p r o p o r t io n a l  t o  (E Q .V p /2 c ) .  
In th e  m e ta l  th e  v e l o c i t y  of co r e  e l e c t r o n s  on a v er a g e  i s  l a r g e r  than  
th e  v e l o c i t y  o f c o n d u c t io n  e l e c t r o n s .  T h e r e fo r e  th e  energy  
d i s t r i b u t i o n  c o r e  e l e c t r o n s  i s  much w id er  th an  c o n d u c t io n  o n es ;  
s i m i l a r l y  to  a n g u la r  c o r r e l a t i o n  i t  i s  u s u a l l y  r e p r e s e n te d  by a
25
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F i g ( l , 6 . 3 . c )  E le c tr o n ic  apparatus f o r  Doppler broadening s t u d ie s  
c o n s i s t in g  o f  a Ge(Li) d e te c to r  and a p r e a m p l i f ie r  i n  co n ju n ctio n  
w ith  a main and b ia se d  a m p l i f ie r  and a data s to r a g e  system . The 
data s to r a g e  system  i s  a com bination o f  an a n a l o g - t o - d i g i t a l  
c o n v er ter  and a memory u n i t ,  complemented w ith  a d i g i t a l  s t a b i l i s e r .
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G aussian  f u n c t i o n  c e n t r e d  a t  Eg. T h is  measurement needs a good 
d e t e c t o r ,  s e n s i t i v e  to  th e  y - r a y s  r e s u l t i n g  from a n n i h i l a t i o n  o f
th e  p o s i t r o n  w i t h  an e l e c t r o n  and u s u a l l y  i s  a sem ico n d u cto r  d e t e c t o r  
G e(L i) w ith  r e s o l u t i o n  about IKev fo r  514  kev y - r a y s .  The u s e f u l  
so u r c e s  f o r  t h i s  ex p er im en t  are^^Na, ^^Cu, or ^^Ge b eca u se  o f h igh  
l i f e t i m e s  and h ig h  m e l t in g  p o i n t s .  T y p ic a l  e x p e r im e n ta l  equipment 
u s e f u l  fo r  t h i s  method h as  b een  i l l u s t r a t e d  i n  f i g u r e d . 6 . 3 . a ) . The 
output from G e(L i)  d e t e c t o r  i s  f e d  t o  p r e a m p l i f i e r  th en  through  main  
a m p l i f i e r  g o in g  t o  th e  b ia s e d  a m p l i f i e r .  The b ia s e d  a m p l i f i e r  should  
p r o v id e  s u f f i c i e n t  e x p a n s io n  o f  th e  energy s c a l e  to  a l lo w  many 
a n a ly s e r  c h a n n e ls  t o  be encom passed by D oppler  b ro a d en in g  cu rve  whose  
w id th  can be m easured w i t h  g r e a t  a c c u r a c y .  F i n a l l y  th e  output from  
b ia s e d  a m p l i f i e r  was f e d  t o  an ADC ( a n a l o g i c - t o - d i g i t a l  c o n v e r te r )  and 
th e n  i n t o  memory.
The energy s h i f t  g iv e n  by e x p r e s s io n  ( 1 . 6 . 3 . 3 )  means f o r  example f o r  a 
6 ev Fermi energy o f  th e  e l e c t r o n s  th e  energy  o f  th e  p h otons  can be 
s h i f t e d  by about 1 .3 K e v .  The i n t r i n s i c  r e s o l u t i o n  o f  a d e t e c t o r  f o r  
^^Sr a t  514  kev i s  1 .1 5  kev which  ha? r e c e n t l y  improved t h e  D oppler  
b road en in g  measurement (R ic e  Evans e t  a l  197 8a) and i t  i s  j u s t  enough  
to  a l lo w  a changing  r a t i o  b etw een  c o r e  and c o n d u c t io n  e l e c t r o n s  
a n n i h i l a t i o n ,  t o  be d e t e c t e d  by d e t e c t o r  w i th o u t  any loss'  of  
in fo r m a t io n .  Doppler b ro a d en in g  measurement i s  th e  m ost p opu lar  
method t o  i n v e s t i g a t e  d e f e c t s  i n  m e t a l s  and a l s o  t h e  c o n c e n t r a t io n  o f  
d e f e c t s  (v a c a n c y ,  d i s l o c a t i o n ,  e t c . ) .
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Chapter I I  D e fe c t  s tudy in  m e ta l  by p o s i t r o n  a n n i h i l a t i o n
2 .1 - I n t r o d u c t i o n :
When p o s i t r o n  e n t e r s  condensed  m a t te r  i t  l o s e s  i t s  i n i t i a l  k i n e t i c  
energy  r a p id ly  to  t h e  therm al energy in  a sm a ll  t im e compared w i t h  i t s  
l i f e t i m e .  These th e r m a l iz e d  p o s i t r o n s  can th en  be trapped  by a k ind  
of d e f e c t  ( e . g .  m on ovacan cies  v o i d s  e t c . )  in  m e t a l s .  F i n a l l y  th e  
p o s i t r o n s  w i l l  be a n n i h i l a t e d  w i t h  e l e c t r o n s  in  th e  medium 
( c o n d u c t io n  and c o r e  ) .  The a n n i h i l a t i o n  p r o c e s s  i s  o n ly  d e la y ed  as  
th e  r e s u l t  o f  t r a p p in g .  T h is  d e la y  t im e depends on th e  c o n c e n t r a t io n  
o f  th e  d e f e c t s  and te m p era tu re  of th e  m e t a l .  P o s i t r o n  a n n i h i l a t i o n  
s t u d i e s  p la y  an im p o rta n t  r o l e  i n  u n d e r s ta n d in g  o f  d e f e c t s  i n  m e t a l s .
2 . 2 - C h a r a c t e r i s t i c  o f  d e f e c t s :
A d e f e c t  i n  a s o l i d  i s  d e f in e d  a s  any d e v i a t i o n  from th e  p e r f e c t  
l a t t i c e  s t r u c t u r e .  The s im p le s t  d e f e c t  i s  a v a c a n c y ,  which i s  a s i t e  
i n  th e  c r y s t a l  w here atoms or i o n s  a r e  m i s s i n g .  The complementary  
d e f e c t  t o  th e  vacan cy  i s  an i n t e r s t i t i a l ,  t h a t  i s  an e x t r a  atom or io n  
i n s e r t e d  i n t o  s i t e  w here t h e r e  i s  n o t  n orm ally  an atom or io n  o f  th e  
r e g u la r  c r y s t a l  s t r u c t u r e .  These e x t r a  s i t e s  a re  c a l l e d  
i n t e r s t i t i a l s .  The n a tu r e  o f t h e  d e f e c t s  i s  f a i r l y  w e l l  u n d ers to o d  
f o r  some s o l i d s .  In  therm al e q u i l ib r iu m  a number of l a t t i c e  v a c a n c i e s  
a r e  a lw ays  c r e a te d  b eca u se  th e  en tro p y  i s  in c r e a s e d  by th e  p rese n c e  of 
d is o r d e r  i n  th e  s t r u c t u r e .  The w e l l  known l a t t i c e  d e f e c t s  can be 
b ro a d ly  c l a s s i f i e d  i n t o  a number o f c a t e g o r i e s  such a s ;  p o in t  d e f e c t s  
( z e r o - d im e n s io n a l  i m p e r f e c t i o n s ) ,  l i n e  d e f e c t s  (o n e -d im e n s io n a l  
im p e r f e c t io n s )  and g r a in  b o u n d a r ie s  ( t w o -d im e n s io n a l  i m p e r f e c t io n s ) .
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2 . 2 .1 - P o i n t  d e f e c t :
D e f e c t s  t h a t  occupy o n ly  a few s i t e s  i n  l a t t i c e ,  such as v a c a n c i e s ,  
i n t e r s t i t i a l s  and d i s s o l v e d  im p u r ity  atoms a r e  g e n e r a l l y  c a l l e d  p o in t  
d e f e c t s .  F i g ( 2 . 2 . 1 . 1 )  shows th e  s im p le  p o in t  d e f e c t  in  a c r y s t a l ;
o o o_o o o o
©o o o o o o o
o o o o © o o
o o □ o %O oo o o o o ?o o
o o o o o o o
F i g u r e ( 2 . 2 .1 .1)
A :v a c a n c y ,  B . " i n t e r s t i t i a l , C : s u b s t i t u t i o n a l  im p ur ity  atoms.
D i i n t e r s t i t i a l  im p u r ity  atom. I f  th e  d i s p l a c e d  atom moves t o  s u r fa c e
o f  th e  c y s t a l  th e  r e s u l t i n g  v a can cy  i s  c a l l e d  a S c h o t ty  d e f e c t  and i f  
i t  moves somewhere w i t h i n  th e  c r y s t a l  body i t  i s  c a l l e d  F renk el
d e f e c t .  I m p u r i t i e s  i n  s o l i d s  may occupy s u b t i t u t i o n a l  or i n t e r s t i t i a l  
s i t e s .  The d e f e c t s  w h ich  a r e  made by i m p u r i t i e s  i n  a s o l i d  a r e  c a l l e d  
e x t r i n s i c  and c o n v e r s e ly  v a c a n c ie s  and i n t e r s t i t i a l s  a r e  c a l l e d  
i n t r i n s i c  d e f e c t s .
2 . 2 .2 - L i n e  d e f e c t :
L ine  d e f e c t s  a r e  a l s o  known as  d i s l o c a t i o n s . .  L ine  d e f e c t s  occur  in  
a l l  c r y s t a l s  i n  d i f f e r e n t  fo rm s.  Two exam ple o f such d i s l o c a t i o n s  a re  
edge d i s l o c a t i o n  and screw  d i s l o c a t i o n .  In an edge d i s l o c a t i o n  an 
e x t r a  h a l f  p la n e  o f  atoms a r e  i n s e r t e d  i n t o  th e  l a t t i c e  s t r u c t u r e  and 
t e r m in a t in g  a t  a p a r t i c u l a r  p l a i n  (Hughes and P o o ley  197 5 ) .  The
boundary b etw een  th e  s l ip p e d  and u n s l ip p e d  r e g io n s  i s  c a l l e d  s l i p .  
The n e ig h b o u r in g  l a t t i c e  p la n e s  bend t o  accom odate t h i s  h a l f  p l a i n  o f  
atoms and a s  r e s u l t  in t r o d u c e  s t r a i n  f i e l d s  i n t o  th e  c r y s t a l .  The 
s t r a i n  f i e l d  can be shown a s  B urgers  v e c t o r .  The m agnitude of th e
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Burgers v e c t o r  (b )  r e p r e s e n t s  th e  amount o f s t r a i n  and i t s  d i r e c t i o n  
i n d i c a t e s  th e  d i s l o c a t i o n a l  p r o p e r t i e s  o f  s t r a i n  f i e l d .  In a screw  
d i s l o c a t i o n  t h e r e  i s  no e x t r a  p la n e  o f atoms but a sh ear  d i s l o c a t i o n  
i s  in t r o d u c e d  p a r a l l e l  t o  th e  d i s l o c a t i o n  l i n e  so t h a t  th e  c i r c u i t  
around th e  l i n e  ta k e s  t h e  form of a h e l i x .  A g e n e r a l  d i s l o c a t i o n  i s  a 
m ix tu r e  of l i n e  and screw  d i s l o c a t i o n  w hich  i s  n o rm a lly  s e e n  i n  
s o l i d s .  L ine d e f e c t s  a r e  commonly produced i n  s o l i d s  by p l a s t i c  
d efo r m a tio n  and i n f l u e n c e s  t h e i r  m e ch a n ica l  p r o p e r t i e s .
2 . 2 .3 -G r a in  b o u n d a r ie s :
A g r a in  boundary i s  formed by a d j o in in g  two e d g e s  of a s i n g l e  
c r y s t a l  of d i f f e r e n t  o r i e n t a t i o n s  a lo n g  a common p la n a r  s u r f a c e .  When 
t h i s  d i f f e r e n c e  i s  sm a ll  th e  boundary i s  r e f e r r e d  t o  as  l o w -a n g le  
g r a in  boundary. The i n t e r n a l  s t r a i n  i n  t h e s e  r e g io n s  c r i t i c a l l y  
depends on t h e  g r a in  s i z e .  The t i l t  boundary i s  r e p r e s e n t e d  as  an 
array  o f  edge d i s l o c a t i o n s  o f  sp a c in g  D=b/0, where b i s  t h e  m agnitude  
of th e  B urger''s  v e c t o r  of th e  d i s l o c a t i o n  ( K i t t e l  1 9 7 1 ) .
2 . 3 - E q u i l ib r iu m  and n o n -e q u i l ib r iu m  m easurem ents .
Study of p o in t  d e f e c t s  i s  e s s e n t i a l  in  d e te rm in in g  many p r o p e r t i e s  o f  
s o l i d s .  T h is  s tudy  can be b ro a d ly  c l a s s i f i e d  i n  two c a t e g o r i e s ;  
e q u i l ib r iu m  and n o n e q u i l ib r iu m  m easurem ents . In e q u i l ib r iu m  
i m p u r i t i e s  or v a c a n c i e s  w i l l  be d i s t r i b u t e d  u n ifo r m ly  ( K i t t e l  1 9 7 1 ) .  
In p r i n c i p l e ,  any p h y s i c a l  q u a n t i t y  in f lu e n c e d  by p o in t  d e f e c t s  can be 
u sed  t o  s tu d y  t h e i r  e q u i l ib r iu m  c o n c e n t r a t io n  and i t s  dependence on 
te m p era tu re  and p r e s s u r e .  But i n  p r a c t i c e  b ecau se  o f th e  background  
problem s t h e r e  a r e  o n ly  a l i m i t e d  number of t e c h n iq u e s  w h ich  a re  
u s e f u l  ( S eeg er  1 9 7 4 ) ,  in  th e  study o f  m e t a l s .  G e n e r a l ly  two 
t e c h n iq u e s  a r e  v a l u a b l e ;
a ) t h e  com parison  betw een  r a t e  of change o f  specim en  l e n g t h  A 1 /1 q and
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th e  r e l a t i v e  change o f X-ray l a t t i c e  param eter A a /a ^ .
b)The measurement o f th e  V - r a d i a t io n  from a n n i h i l a t i o n  o f  p o s i t r o n s  
w hich  a re  trapp ed  a t  v a c a n c i e s .
The most common e x p e r im e n ta l  ways o f  p ro d u c in g  p o in t  d e f e c t  
c o n c e n t r a t io n s  i n  e x c e s s  o f  th e  e q u i l ib r iu m  c o n c e n t r a t io n  a r e  
bombardment w i th  e n e r g e t i c  r a d i a t i o n ,  p l a s t i c  d e fo r m a t io n ,  quenching  
from h igh  tem p era tu re  and q u en ch in g  c o n d e n s a t io n  on c o ld  s u b s t r a t e .  A 
p r i n c i p l e  a d vantage  o f e q u i l ib r iu m  measurement o v er  n o n - e q u i l ib r iu m
measurement i s  t h a t  i n  form er th e  te m p era tu re  and p r e s s u r e  determ in e  
th e  p o in t  d e f e c t  c o n c e n t r a t io n ,  w h ereas  i n  l a t t e r  th e  specim en  h i s t o r y  
i s  v e r y  im p o r ta n t .  I t  means t h a t  c o n c e n t r a t i o n  o f  d e f e c t s  n o t  o n ly  
depends on tem p era tu re  and p r e s s u r e  but i t  a l s o  depends on th e  s i z e  
and shape of specim en.
2 . 4 - A n n i h i l a t i o n  o f  p o s i t r o n  w i th  f r e e  and c o r e  e l e c t r o n s :
The th e r m a l iz e d  p o s i t r o n  a n n i h i l a t e s  w i th  c o n d u c t io n  and c o r e
e l e c t r o n s  o f  th e  p e r f e c t  m e t a l .  The h ig h e r  r a t e  o f p o s i t r o n s  may be 
a n n i h i l a t e d  w i t h  c o n d u c t io n  e l e c t r o n s ,  b eca u se  of th e  s c r e e n in g  o f  th e  
c o n d u c t io n  e l e c t r o n s  around p o s i t r o n .  T his  r e s u l t s  l e a d  t o  an
i n c r e a s e  e l e c t r o n s  d e n s i t y  n ear  th e  p o s i t r o n .  T h e r e fo r e  a s t r o n g e r  
o v e r la p  o f  th e  p o s i t r o n  e l e c t r o n  w a v e fu n c t io n  g i v e  a h ig h e r  r a t e  of  
a n n i h i l a t i o n  i n  c o n d u c t io n  e l e c t r o n s  a c c o r d in g  t o  th e  independent
p a r t i c l e  model (IPM) which a g r e e s  w e l l  w i th  th o s e  m easured i n  a n g u la r  
c o r r e l a t i o n  ex p e r im e n ts  (S e e g e r  A 1 9 7 4 ) .  In o rd er  t o  f i n d  a p o s i t r o n  
a n n i h i l a t i o n  r a t e  w i th  c o n d u c t io n  e l e c t r o n s  u s u a l l y  i t  i s  n e c e s s a r y  to  
in t r o d u c e  many s i m p l i f y i n g  a ssu m p t io n s  i n  o rd er  t o  make p r o g r e s s  
(Herman and S k i l lm a n ,  1 9 6 3 ) .  The a n n i h i l a t i o n  r a t e  i s  p r o p o r t io n a l  
jo fte e x p e c t a t i o n  v a lu e  o f I b e l e c t r o n  d e n s i t y  av era g ed  o v er  a l l  th e  
p o s i t r o n  p o s i t i o n s .  The s p in  in d ep en d en t  f r e e  e l e c t r o n  s t a t e s
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w a v e fu n c t io n  i s  g iv e n  by;
7/2
'P(r)=V expCik. r )  ( 2 . 4 . 1 )
d e f i n e  a s p h e r i c a l  Fermi su r fa c e  f o r  k <kp w here kp i s  th e  Fermi
7/2
momentum, V i s  volum e of n o r m a l iz a t io n  and a t  k = 0 , Y (r )= V  .
The a n n i h i l a t i o n  r a t e  of th e  p o s i t r o n  w i t h  wavef u n c t io n  'F(x) w ith  th e
j - t h  e l e c t r o n  i n  th e  m e t a l ,  w i th  w avef u n c t io n  "fj(x) in c lu d in g  two
e m it te d  p ho to n s  h a v in g  momentum b etw een  k and k+dk i s  g iv e n  by (De
B e n e d e t t i  e t  a l  1950 and West 1 9 7 4 ) ;
r (k )d ^ k = (7rrQ c /(2  ;t) ) | j d  x exp ( - i k .  x )  ( x )  9^ (x )  jd k ( 2 . 4 . 2 )
The t o t a l  a n n i h i l a t i o n  r a t e  i s  o b ta in e d  by summing o v er  a l l  o ccu p ied
s t a t e s  and p hoton  momenta.
r ( k ) . d k  ( 2 . 4 . 3 )
j *
The c o n v e n t io n a l  lo n g  s l i t  a n g u la r  c o r r e l a t i o n  a p p a r a tu s  measurement 
g i v e s  a q u a n t i ty  p r o p o r t io n a l  t o  t h e  d i s t r i b u t i o n  of th e  momentum 
component of V-ray p a ir s  w i th  p=1ik.
n+cor(p) dp^dp^dp, (2.4.4)-00 -00
where N(p^) i s  p r o p o r t io n a l  to  th e  number o f  p o s i t r o n - e l e c t r o n  
a n n i h i l a t i o n s .  The t o t a l  area  under N ( p ) .d P ^ is  p r o p o r t io n a l  to  th e  
t o t a l  a n n i h i l a t i o n  r a t e .  That i s  p ro v id e d  a Fermi a rea  r e l a t i v e  to
2  2 2
N(p7)=27tP ( 1 - p  /p  ) fo r  p <p ( 2 . 4 . 5 a )
^ r  ^ r  ^ r
N(p^ )=0 fo r  Pz ^  ( 2 . 4 . 5 b )
In  m e t a l s ,  l i k e  cop p er ,  th e  r a t e  of p o s i t r o n  a n n i h i l a t i o n  w i th  co re  
e l e c t r o n s  i s  h ig h e r ,  and th e  s im p le  IPM i s  in a d e q u a te  to  d e s c r ib e  them 
(C h a g la r  1 9 7 8 ) .  Furtherm ore t h i s  model i s  u n a b le  to  p ro v id e  c o r r e c t  
l i f e t i m e  p r e d ic  t i o n s  ( 2 . 4 . 2 ) .  T h e r e fo r e  th e  many body i n t e r a c t i o n  
model has t o  be c o n s id e r e d  t o  o b t a in  a r e a s o n a b le  agreement w ith  
ex p er im en t .
The p o s i t r o n  can a l s o  be a n n i h i l a t e d  w i t h  co re  e l e c t r o n s ,  w hich a re  
g e n e r a l l y  much more numerous th an  co n d u c t io n  e l e c t r o n s .  On th e  o th e r
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hand t h e  r e p u l s i v e  f o r c e  betw een  t h e  p o s i t r o n  and n u c l e i  (o r  i o n s )  i s  
t h e  r e a s o n  t h a t  th e  p o s i t r o n  h as  b een  kept out o f  th e  co re  r e g io n .  
T h is  r e d u c e s  th e  o v e r la p  o f  th e  p o s i t r o n  and e l e c t r o n  w a v e fu n c t io n .  
The c o r e  e l e c t r o n s  w i l l  l e a d  t o  broad t a i l s  i n  ( p ^ ) ,  becau se  they are
l o c a l i z e d  i n  sp a ce ,  b e in g  q u i t e  d i s t i n c t  from th e  co n d u c t io n  e l e c t r o n
c o n t r ib u t i o n .  For th e  n , 1 a to m ic  quantum number can be w r i t t e n ;
( x )  = [ l / N 4  . Y j  e x p ( i k . x )  Ug|m(x-R^) ( 2 . 4 . 6 )
where N i s  t o t a l  number o f i o n s ,  n , l , m  a r e  quantum numbers, and R^ i s  
th e  l a t t i c e  p o s i t i o n s  i n  c o n f i g u r a t i o n  sp a c e .  Un|m g iv e n  as
( r ) / r  ( 2 . 4 . 7 )
where i s  a s p h e r i c a l  harmonic f u n c t i o n  and i s  t h e  r a d i a l  co re
e l e c t r o n  f u n c t i o n .
The a n n i h i l a t i o n  r a t e  i s  g iv e n  a s ;
2
■ C O
( 2 . 4 . 8 )(4;r(21+l)/nQ )6g^^^|j' P^,(r) % .(r) J , ( p r ) d r  
w h e r e i^ l^ i s  p o s i t r o n  r a t e  per e l e c t r o n  d e n s i t y ,  =figN volume of th e
c r y s t a l  and Jj ( r p )  i s  t h e  1 - t h  s p h e r i c a l  B e s s e l  f u n c t io n .  The
a n n i h i l a t i o n  r a t e  d e c r e a s e s  a s  th e  e l e c t r o n  i s  n ea r  by n u c le u s .  The
d i s t r i b u t i o n  o f th e  a n n i h i l a t i o n  en erg y  c o r e  e l e c t r o n s  ob ey s  a 
G aussian  and n o t  a p a r a b o l i c  f u n c t i o n .
2 .5 -T h erm al e f f e c t :
As d i s c u s s e d  i n  s e c t i o n  2 .3  th e  e x p e r im e n ta l  methods o f e q u i l ib r iu m  
measurement can be c l a s s i f i e d  a s ;
i )X -r a y  measurements th e  r e l a t i v e  change i n  specim en le n g th  
(m a c r o s c o p ic )  compared t o  t h e  r e l a t i v e  change i n  l a t t i c e  param eter  
( m i c r o s c o p i c ) .
i i ) P o s i t r o n  e l e c t r o n  a n n i h i l a t i o n  t e c h n iq u e s .
The tem p eratu re  depends on th e  va ca n cy  c o n c e n t r a t i o n  i n  both  m ethods.  
The f o l l o w i n g  q u a n t i t a t i v e  c o n s i d e r a t i o n  c o n n e c t s  th e  measured
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q u a n t i t i e s  and hence  th e  d i f f e r e n c e  b etw een  m a c r o sc o p ic  and 
m ic r o s c o p ic  volum e ch a n g es ,  w ith  c o n c e n t r a t io n  o f  p o in t  d e f e c t s .  
Suppose th e  c r y s t a l  volume a t  tem p era tu re  T i s  V, and t h e  a to m ic  
volume a t  th e  same tem p era tu re  Q . Because both  are te m p era tu re  
d ependent, th e  volum e of c r y s t a l  a t  tem p era tu re  T i s  g iv e n  as
V=N"0 ( 2 . 5 . 1 )
where N'' i s  t h e  t o t a l  number o f a tom ic  s i t e s ,  and N^=N+n, where N i s  
th e  number o f  atoms and n i s  t h e  number of d e f e c t  which  i s  p o s i t i v e  
f o r  a vacancy and n e g a t i v e  f o r  an i n t e r s t i t i a l .  C on sider  a c r y s t a l  
volume Vq a t  a f i x e d  tem p era tu re  w ith  a tom ic  volum e O^so
Vq=NOo ( 2 . 5 . 2 )
The change i n  volum e from Tq t o  T, a re :
AV=V-Vq ( 2 . 5 . 3 )
A Q = Q - n ^  ( 2 . 5 .4 )
From r e l a t i o n  o f  e x p r e s s io n  ( 2 . 5 . 3 )  t o  ( 2 . 5 . 4 )  we have
A V /V o=n/N +A Q /no+(n /N )^^/i7^  ( 2 . 5 . 5 )
T h e r e fo r e  C^-C| = n /N = (A V / \^ -A n /Q o  ) / ( l + A Ü / O g  ) ( 2 . 5 . 6 )
Because th e  v a l u e s  o f  A O / Q q a r e  v e r y  sm a ll  compared t o  u n i t y ,  th e n  
th ey  can be ig n o r e d  i n  e q u a t io n  ( 2 . 5 . 6 ) .
T h e re fo re  C^-Cj = n / N = ( A V / V g - ) ( 2 . 5 . 7 )
I f  AV/Vq and A Û / Q q a r e  sm a ll  compared t o  u q i t y ,  th en  r e l a t i o n  a r e  
p r o p o r t io n a l  w i th  th r e e  t im es  o f  r e l a t i v e  A l / l g  m a cro sco p ic  sp ecim en  
l e n g th  of c r y s t a l  and A a l a ^  m ic r o s c o p ic  l a t t i c e  param eter  
r e s p e c t i v e l y ,  b eca u se  q u a d r a t ic  term s can be n e g l e c t e d .  T h e r e fo r e  th e  
c o n c e n t r a t io n  o f  d e f e c t s  i s  g iv e n  a s
C y - C |= 3 ( 4 1 / l o - d a /a o )  ( 2 . 5 . 8 )
The f i n a l  e q u a t io n  ( 2 . 5 . 8 )  g i v e s  in f o r m a t io n  on w h eth er  v a c a n c i e s  or  
i n t e r s t i t i a l s  a r e  dominanted a t  therm al e q u i l ib r iu m .  In a l l  m e t a l s  so  
f a r  i n v e s t i g a t e d  t h e  i n t e r s t i t i a l  c o n c e n t r a t io n  Cj i s  so sm a ll
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r e l a t i v e  to  C , t h a t  i t  i s  n e g l i g i b l e .
V
On th e  o th e r  hand th e  c o n c e n t r a t io n  o f  p o in t  d e f e c t s  has a 
dependence on p r e s s u r e  and te m p era tu re s  i n  e q u i l ib r iu m  measurement.  
E x is t e n c e  o f p o in t  d e f e c t  i n  a c r y s t a l  a t  f i n i t e  tem p era tu res  i s  
governed  by s t a t i s t i c a l  thermodynamics. The Gibbs f r e e  energy of  
vacancy fo r m a t io n  i s  g i v e n  as
) ( 2 . 5 . 9 )
Where i s  t h e  e n th a lp y  of monovacancy fo r m a t io n ,  and i s  eq u a l to  th e  
work done i n  th e  p r o c e s s  a t  tem p era tu re  T. i s  th e  en tropy  of
monovacancy fo r m a t io n .  Entropy r e p r e s e n t s  d i s o r d e r  i n  th e  system  due 
t o  t h e  changes i n  th e  v i b r a t i o n  spectrum  o f  th e  c r y s t a l  when th e  
vacancy  i s  c r e a t e d .  In ord er  to  d eterm in e  th e  t o t a l  en tropy  th e  
c o n f i g u r a t i o n a l  en tropy  has t o  be computed. C o n sid er  to  be th e  
t o t a l  number of atoms i n  th e  specim en  and N th e  number of th e  atom in  
s i t e s  a t  c o n s ta n t  p r e s s u r e  th en  th e  number of p o in t  d e f e c t s  or vacancy  
s i t e s  i s  n=N^-N, g i v i n g  th e  f r e e  Gibb^s en ergy  o f  system  :
AG=(nG^^ - T .S g )  ( 2 . 5 . 1 0 )
w here Sg i s  t h e  t o t a l  en tropy  of v a c a n c i e s .  A cco rd in g  t o  therm al  
e q u i l ib r iu m  m easurem ents , a t  a f i x e d  te m p era tu re  and p r e s s u r e  AG must 
be a minimum th en ,
3  A G/8n= ( G^  ^-  T.^Sn /9 n  ) =0 ( 2 . 5 . 1 1 )
By u s in g  B o ltzm an s s t a t i s t i c a l  i n t e r p r e t a t i o n  th e  t o t a l  en tropy  fo r  n
v a c a n c i e s  i s  eq u a l to
Sn=k.ln(Wn) ( 2 . 5 . 1 2 )
where Wg i s  th e  p r o b a b i l i t y  o f  fo r m a t io n  o f  n v a c a n c i e s  i n  a c r y s t a l ,  
and i t  i s
W g=r ! / ( N " - n ) ! .n I  ( 2 . 5 . 1 3 )
By s u b s t i t u t i n g  ( 2 . 5 . 1 2 )  and ( 2 . 5 . 1 3 )  i n t o  ( 2 . 5 . 1 1 ) ,  one o b t a in s
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G , y - k T . 9 ( l n ( r ! / ( r - n ) I  . n ! ) / 0 n = O  ( 2 . 5 . 1 4 )
T h e r e fo r e  by th e  a p p l i c a t i o n  o f S t i r l i n g ' s  theorem
l n ( x ! ) = x l n ( x )  ( 2 . 5 . 1 5 )
and d i f f e r e n t i a t i n g  r e l a t i v e  t o  n t h e  c o n c e n t r a t i o n  o f  m onvacancies  i s  
g iv e n  by
cj^ = n /N '= n /N = ex p (-G ^ //k T ) ( 2 . 5 . 1 6 )
or C ^ = e x p ( S ^ / k ) . e x p ( - H ^ ^ /k T )  ( 2 . 5 . 1 7 )
The r e s u l t s  o f  show th a t  th e  c o n c e n t r a t io n  o f  th e  m on ovacan cies
F Fdepend on te m p era tu re .  , S;y a r e  en th a lp y  and en tropy  of
m onovacancies  r e s p e c t i v e l y .  As S;y r e s u l t s  from changes i n  th e  
v i b r a t i o n  spectrum  of th e  c r y s t a l  w i th  th e  i n t r o d u c t i o n  o f a vacancy  
i t  i s  n e c e s s a r i l y  p o s i t i v e ,  s in c e  on t h e  a v er a g e  v i b r a t i o n  f r e q u e n c ie s  
n ear  a vacancy w i l l  be low ered  r e l a t i v e  to  an i d e a l  c r y s t a l  (S e e g e r  
1 9 7 3 ) .
Sometimes, n ear  th e  m e l t in g  p o in t  o f th e  sp ecim en , v a c a n c ie s  in  
n e ig h b o u r in g  l a t t i c e  s i t e s  m igh t b ind  t o g e t h e r  t o  form d iv a c a n c i e s .  
D iv a c a n c ie s  may take up d i f f e r e n t  o r i e n t a t i o n s  i n  th e  c r y s t a l ,  
depending on th e  c o o r d in a t io n  number. For i n s t a n c e  i n  a c r y s t a l  w ith  
c o o r d in a t io n  z th e r e  a re  z / 2  d i f f e r e n t  o r i e n t a t i o n s  p o s s i b l e .  The 
t o t a l  of v a c a n c ie s  i s  g iv e n  by summing o v e r  a l l  v a c a n c ie s  and 
d iv a c a n c i e s ,  e t c .
V  E " C n v  ( 2 . 5 . 1 8 )
n
fo r  a d ivacancy  = +2(^^ , th e  Gibbs en erg y  and Gibbs b in d in g  energy
i s  found as
^ 2 .5 .1 9 )
The d ivacancy  c o n c e n t r a t io n  i s  c a l c u l a t e d  a s
C ^ ^ = z / 2 . e x p ( ^  / k ) . e x p ( - H ^ Z k T )  ( 2 . 5 . 2 0 )
The d i s c u s s i o n  above c l e a r l y  shows t h a t  th e  c o n c e n t r a t io n  o f  any type  
of v a c a n c y ,  fo r  m e ta l  depends on t h e  te m p era tu re .
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2 .6 -T ra p p in g  model and t r a p p in g  r a t e :
A s im p le  r a t e  th e o r y ,  such as tr a p p in g  (S e e g e r  1973) h as  been  
a p p l i e d  t o  d e s c r ib e  th e  t r a p p in g  o f  p o s i t r o n s  i n  v a c a n c i e s .  T his  
model has been  a g r e a t  s u c c e s s  when a p p l i e d  t o  t h e  r e s u l t s  from 
ex p er im en ts  u s in g  l i f e t i m e ,  a n g u la r  c o r r e l a t i o n  and D oppler b roaden ing  
t e c h n iq u e s .  The t r a p p in g  model was f i r s t  s u g g e s te d  by G o l 'D a n s k î i  
and Prokopev ( 1 9 6 5 ) ,  was a p p l i e d  t o  tr a p p in g  i n  m e t a l s  by Connors and 
West ( 1 9 6 9 ) .  C on s ider  th e  number o f th e  untrapped  ( f r e e )  p o s i t r o n s  to  
be n w i th  decay r a t e s A f  . The th e r m a l iz e d  p o s i t r o n s  d i f f u s i n g  i n  
m e ta l s  a r e  assumed t o  be trapp ed  by v a r io u s  ty p e s  o f  d e f e c t s  ( l a b e l l e d  
j )  w ith  a n n i h i l a t i o n  decay r a t e s  Aj and numbers o f  p o s i t r o n s  trapped  
n , and a l s o  w i th  tr a p p in g  r a t e s  Oj . I f  m be th e  d i f f e r e n t  ty p e s  of  
tr a p s  w ith  a tom ic  c o n c e n t r a t i o n s  C j, th e  g e n e r a l  tr a p p in g  model i s
g iv e n  by
m
dn ( t ) / d t = - A  n ( t ) - Z  a  C . n ( t )  ( 2 . 6 . 1 )
f  f  f  j= ;  J i f
where C. i s  t h e  c o n c e n t r a t i o n  o f  t h e  j t h - t y p e  d e f e c t ,  and th e n
dn ( t ) /d t= 5 -A  n. ( t ) - (7,. C. n ( t ) ( 2 . 6 . 2 )
i j J i 1 f
The s o l u t i o n  o f  e q u a t io n  ( 2 . 6 . 1 )  s u b s t i t u t e d  i n t o  ( 2 . 6 . 2 ) ,  g i v e s
m
n ( t ) = n  (O )e x p ( -A  t )  where A =A + I  o. C. ( 2 . 6 . 3 )f f o o f j _ , j  j
n ( t ) = [ a  . C . / ( A . - A ) ] n  (O )ex p (-A  t ) + [ n . ( 0 ) -  
j  j  J J °  f  o  J
C. . a . / ( A .  + A ) .n  (O ) J e x p ( - A . t )  ( 2 . 6 . 4 )
J J J o f J
The mean l i f e t i m e  of t h e  p o s i t r o n  can be c a l c u l a t e d  a s
-00 m
T = ( l / n  ( 0 ) ) j  [n  ( t  ) + y^  n .  ( t  )] .d t  ( 2 . 6 . 5 )
o yz^ ^
w ith  th e  c o n d i t i o n  t h a t  t h e r e  i s  no i n t i a l  tr a p p in g  o f  p o s i t r o n s  i n  
d e f e c t s ,  i . e  n. (0 )= 0  fo r  j = l , 2 , 3 , ................m. Then t h e  mean l i f e t i m e  i s
_ (Ti m
T = T ( l  + Z T . o.C. ) / ( l + T  Z. or.. C .)  ( 2 . 6 . 6 )
f  j  J J J f  J J ]
An im p ortan t q u a n t i t y  can  a l s o  be c a l c u l a t e d  from e q u t i o n s ( 2 . 6 .3 )  and 
( 2 . 6 . 4 ) ,  t h i s  i s  t h e  p r o b a b i l i t y  o f  th e  p o s i t r o n s  a n n i h i l â t  in g  i n  
th e  f r e e  or tra p  s t a t e ,  and i s  g i v e n  by
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00 00
P = r  (n  ( t ) / n  (0)). dt= f  exD (A +T1 o. C- ) t . d t  ( 2 . 6 . 7 )
 ^  ^ o i=7
So t h a t
m m
P =A-/(A^+2]«^; C. ) and P. =or C / q  or. C: ) ( 2 . 6 . 8 )  
f f  f  J I I J I f  -H , J *
where P + Z P. = 1 .
f j 1
A p p l i c a t i o n  o f  th e  tr a p p in g  model t o  p o s i t r o n  a n n i h i l a t i o n
measurem ents i s  u s u a l l y  preform ed i n  t h e  f o l l o w i n g  manner (McKee e t  a l
197 2 a ) ;  L e t  F be a f e a t u r e  of t h e  p o s i t r o n  a n n i h i l a t i o n  p r o c e s s ,  fo r
exam ple, a c h a r a c t e r i s t i c  o f  th e  momentum or l i f e t i m e  d i s t r i b u t i o n .
T h is  f r a c t i o n  w i l l  be p r o p o r t io n a l  to  th e  f r a c t i o n  o f  th e  two
d i f f e r e n t  s t a t e s ;  f r e e  s t a t e  to  trapp ed  s t a t e .  I t  i s  d e f in e d  as
m
F=F .P, +%] F. .P  ( 2 . 6 . 9 )
j=1 ^
where F  ^ and F. a r e  th e  f r a c t i o n  o f  p o s i t r o n  a n n i h i l a t i n g  a s  f r e e  
p o s i t r o n s  and t h a t  a s  tra p p ed  p o s i t r o n s  r e s p e c t i v e l y .  The com plete  
e x p r e s s io n  f o r  th e  F param eter  w i l l  be w r i t t e n  down i n  ch a p ter  f i v e .
I t  i s  a l s o  v er y  im p o rta n t  to  have a c l e a r  p i c t u r e  o f th e  p h y s i c a l  
n a tu r e  o f th e  t r a p p in g  r a t e  and i n  p a r t i c u l a r  i t s  tem p era tu re  
d ependence. As m e n t io n ed  i n  p r e c e d in g  s e c t i o n s ,  th e  p o s i t r o n  becomes  
th e r m a l iz e d  i n  m e t a l s  i n  a t im e sm a ll  compared w i t h  i t s  l i f e t i m e ,  th a t  
i t  th en  d i f f u s e s  th rou gh  th e  c r y s t a l  u n t i l  i t  a n n i h i l a t e s  or  becomes  
tr a p p ed .  T h is  d i f f u s i o n  m o t io n  can be c h a r a c t e r iz e d  from th e  th eory  
o f  W aite  ( 1 9 7 5 ) .  The ca p tu r e  of th e  d i f f u s i n g  p a r t i c l e  by a tr a p p in g  
c e n t r e  may be d e s c r ib e d  by r a t e  e q u a t io n  o f form . ( 2 . 6 . 1 ) .  The 
ca p tu r e  c r o s s - s e c t i o n  i s  th e n  g iv e n  by
a=47rDrg/Q ( 2 . 6 . 1 0 )
where Q d e n o te s  t h e  a to m ic  vo lum e. At s u f f i c e n t l y  h ig h  te m p era tu re s  
th e  m o b i l i t y  o f  p o s i t r o n s  i s  l i m i t e d  b eca u se  of s c a t t e r i n g  by l a t t i c e  
v i b r a t i o n s .  The t h e r m a l iz e d  p o s i t r o n  ob eys  Boltzm ann s t a t i s t i c s ,
hence th e  m o b i l i t y  o f  th e  p o s i t r o n  i s  g iv e n  by
■^ 16 '  2 4 5/2 2,
/a = l 7 i r  c Ü /3 m ^ ( k T )  ( 2 . 6 . 1 1 )
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where P i s  t h e  d e n s i t y  o f  th e  m e ta l ,  th e  l o n g i t u d i n a l  sound
v e l o c i t y ,  m^ e f f e c t i v e  mass o f  th e  p o s i t r o n  and ^  th e  d e fo r m a tio n
p o t e n t i a l  c o n s t a n t .  A u niform  d i l a t i o n  0 changes th e  energy o f th e
f r e e  p o s i t r o n  ground s t a t e  e by 5e=ed0. Again  s in c e  p o s i t r o n s  obey
th e  Boltzmann d i s t r i b u t i o n ,  th e  d i f f u s i o n  c o n s ta n t  can be c a l c u l a t e d
by th e  N e r n s t - E i n s t e i n  r e l a t i o n s h i p  . By s u b s t i t u t i o n  i n t o
e q u a t i o n ( 2 . 6 .1 0 )  t h e  tr a p p in g  r a t e  i s  found a s ;
7/2 2 4 7/2 2
o = S n T j > ( 2 n )  c ti / 3 0  (kTiÿ m^e^ ( 2 . 6 . 1 2 )
In  d e r iv in g  above e q u a t io n  S eeg e r  made th e  f o l l o w i n g  a ssu m p t io n s :
1)The tem p eratu re  h ig h  enough th en  th e  p o s i t r o n  m o b i l i t y  i s  l i m i t e d  by 
s c a t t e r i n g  from l a t t i c e  v i b r a t i o n  and may be t r e a t e d  a s  b e in g  e l a s t i c .  
The d e v i a t i o n  from above e q u a t io n  t o  be e x p e c te d  a t  low tem p era tu re .
i i ) T h e  e l a s t i c  s c a t t e r i n g  p r o p e r t i e s  o f  th e  m eta l  are  assumed
i s o t r o p i c
i i i ) T h e  B loch  w a v e fu n c t io n  o f  ground s t a t e  of th e  p o s i t r o n  b e lo n g s  t o  
th e  w a v e v ec to r  k=0 ( S e e g e r  1 9 7 3 ) .
There a r e  two d i f f e r e n t  ways t o  m easure th e  tem p eratu re  dependence of 
th e  tr a p p in g  r a t e  o f p o s i t r o n s  by v a c a n c ie s :
D U nder th e  p r e c e d in g  c o n d i t i o n s  th e  q u a n t i ty  of r o C i s  d eterm in ed
IV  IV  1V
on quenched m e ta l  a s  a f u n c t i o n  o f  tem p era tu re ,  i s  c o n s ta n t ,  hence  
th e  tem p eratu re  dependence on a  i s  o b ta in e d .
2)The mean l i f e t i m e  ta k en  a t  a f i x e d  tem p era tu re  T as  a f u n c t i o n  o f  
quenching  tem p era tu re  T  ^ and compared w i th  h igh  tem p era tu re  measurment  
o f  mean l i f e t i m e  a t  tem p era tu re  T=T^.
In 1971 Conners e t  a l  found a te m p era tu re  dependence of th e  tr a p p in g
r a t e  i n  a n g u la r  c o r r e l a t i o n  m easurem ents on cadmium, which had been
quenched q u ic k ly  from 570K t o  l i q u i d  n i t r o g e n  te m p e r a tu r e s .  But u s in g
-1/2 f
th e  assu m p tio n  t h a t  th e  tr a p p in g  r a t e  depends on T j  H ^  changed by
j u s t  .OleV , .02eV and . 0 3 eV a t  300  K, 600 K, and 900 K r e s p e c t i v e l y .
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McKee e t  a l  in  1971 a p p l ie d  th e  T law to  aluminium and found th e  
e x p ec ted  v a lu e  o f t o  i n c r e a s e  by . 0 2 e v .  However, th e  tem p eratu re
dependence of th e  tr a p p in g  r a t e  i s  r a t h e r  weak compared w ith  th e  
e x p o n e n t ia l  tem p era tu re  dependence of th e  c o n c e n t r a t io n  o f  v a c a n c ie s  
and , h en ce ,  can prob ab ly  be n e g l e c t e d .  But Hoges (1 970) t r e a t i n g  th e  
trap  as  a p o t e n t i a l  w e l l  found t h a t  th e  r e s u l t a n t  tr a p p in g  r a t e  was 
ind ep en d en t o f te m p era tu re  a h y p o t h e s i s  w h ich  i s  supported  by 
B erg e rsen  and T a y lo r (1 9 7 4 )
2 . 7 - S e l f - t r a p p i n g :
The anomalous te m p era tu re  dependence o f  p o s i t r o n  a n n i h i l a t i o n  in  
cadmium has been  o b se r v e d  by L ic h te n b e r g e r  e t  a l  in  1 9 7 5 ,  o b se r v in g  a 
n o n - l i n e a r  F -p aram eter  r i s e  i n  an i n t e r m e d ia t e  tem p eratu re  ra n g e .  
They argued t h a t  t h i s  n o n - l i n e a r  r i s e  co u ld  n o t  be due to  th e  vacancy  
tr a p p in g  o f  th e r m a l iz e d  p o s i t r o n s  and n e i t h e r  to  therm al ex p a n s io n .  
S eeger  (1 9 7 4 )  co n c lu d e d  t h a t  th e  e f f e c t  was n o t  t h a t  of thermal  
ex p a n s io n  on t h e  a n n i h i l a t i o n  o f  " f r e e ” or "untrapped" p o s i t r o n s ^ i s  
sm a ll^  w h i l e  th e  e f f e c t  o b serv e d  WQS r e l a t i v e l y  l a r g e .  He argued  
t h a t  t h i s  anomaly may be due to  l a t t i c e  a c o u s t i c  phonon i n t e r a c t i o n s  
w ith  th e  p o s i t r o n .  A cco rd in g  t o  t h i s  S eeg e r  1975 has g iv e n  an  
a l t e r n a t i v e  e x p la n a t io n  f o r  t h i s  e f f e c t .  He shows t h a t  th e  anomalous  
tem p era tu re  dependence i n  p o s i t r o n  a n n i h i l a t i o n  p r o p e r t i e s  i s  a r e s u l t  
of th e  e x i s t e n c e  of m e t a - s t a b l e  s t a t e s  w i th  r e s p e c t  t o  f r e e  
p o s i t r o n s ,  i n  w hich  th e  p o s i t r o n s  become s e l f - t r a p p e d .
In  1961 Toyozawa showed t h a t ,  i f  th e  i n t e r a c t i o n  b etw een  a charged  
p a r t i c l e  i n  a m e ta l  w ith  an a c o u s t i c a l  phonon i s  in c lu d e d  t o  th e  
p o la r o n  th e o r y ,  th e  p o la r o n  p r o p e r t i e s  may change d i s c o n t in u o u s l y  as a 
f u n c t i o n  o f  c o u p lin g  s t r e n g t h  betw een  th e  e l e c t r i c  charge and 
a c o u s t i c a l  phonons. T h is  d i s c o n t i n u i t y  i n  f a c t  i s  a s s o c i a t e d  w ith
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th e  i n t e r a c t i o n  o f  an e l e c t r o n  or  h o le  w i th  th e  a c o u s t i c a l  phonon
b e in g  o f  sh o r t  ra n g e ,  th e  i n t e r a c t i o n  w i t h  an o p t i c a l  phonon i s  o f  
l a r g e  ra n g e .  B ecause of th e  s c r e e n in g  o f  e l e c t r i c  f i e l d  by a 
r e d i s t r i b u t i o n  o f  c o n d u c t io n  e l e c t r o n s  t h e  i n t e r a c t i o n  betw een  a 
phonon and a p o s i t i v e  charge i n  a m e ta l  i s  o f  s h o r t  ra n g e .  I f  th e  
c o u p lin g  betw een  p o s i t i v e  charge and a phonon i s  s u f f i c i e n t l y  s tr o n g ,  
two d i f f e r e n t  c o n f i g u r a t i o n s ,  a s s o c i a t e d  w i t h  p o s i t i v e l y  charged  
p a r t i c l e s ,  a re  p o s s i b l e ;  i )  i n t e r a c t i o n  i s  weak i n  which charged  
p a r t i c l e  rem ains  i n  B loch  s t a t e .  i i ) a n  i n t e r a c t i o n  co rresp o n d in g  t o
t h e  s e l f - t r a p p i n g  p i c t u r e  where th e r e  i s  a s tr o n g  l o c a l i z e d
w avef u n c t io n .  F o l lo w in g  t h i s  a r g u m e n t  Sumi and Toy ozawa ( 1 9 7 3 ) ,  
S eeg er  (197 5) d e s c r ib e d  th e  i n t e r a c t i o n  b etw een  p o s i t r o n  a c o u s t i c a l
phonons through a c o u p lin g  o f  e l e c t r i c  d i l a t i o n  6 ( r )  w ith  p o s i t r o n
2
charge d e n s i t y  ( r ) |  . I t  can be w r i t t e n  
 ^ 2
e ( r ) — €j/C. I f'f (r ) |  (2 .7 .1)
where C i s  a co m b in a t io n  o f e l a s t i c  c o n s t a n t s  and ^  d e n o te s  th e
p o s i t r o n  d e fo r m a tio n  p o t e n t i a l  S eeg er  ( 1 9 7 5 ) .  S eeg e r  found th e  energy
f u n c t i o n  o f t h i s  i n t e r a c t i o n  by u s in g  e x p r e s s io n  ( 2 . 7 . 1 )  a s
T  [ df(r)f  (& - f | / 2 C  j r
Here m i s  th e  p o s i t r o n  bound m ass and h i s  P la n k ' s  c o n s t a n t .  He used
a t r i a l  f u n c t i o n  f o r  p o s i t r o n s ,  w ith  an a d j u s t a b l e  param eter k, th a t
has a wave number d im en sion , g i v i n g
3/
Y|_(r) = ( 2K ) exp(-nK ^r^) ( 2 . 7 . 3 )
by s u b s t i t u t i n g  y^(r) i n t o  ( 2 . 7 . 2 )  h e  o b ta in e d  t h e  energy o f th e  
system  as f u n c t i o n  o f  K as
E(K)=37rh^/2m.K^-(e^/2C ) .k^  ( 2 . 7 t 4 )
e q u a t io n  ( 2 . 7 . 4 )  h as  two minima, one a t  K=0 r e p r e s e n t i n g  f r e e  p o s i t r o n  
s t a t e s  ( n o n - l o c a l i z e d )  and t h e  second  a t  K=Kq due t o  an upper c u t - o f f  
a p p ro x im a te ly  equal to  t h e  r e c i p r o c a l  in t e r a t o m ic  d i s t a n c e .
E('P ( r ) ) = h ^ / 2 m ^ f A ' P ( r ) f dr /2 f p F ( r ) f  dr ( 2 . 7 . 2 )
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2 2 3
E(K )=37in K /2 m - €  V /2C ( 2 . 7 . 5 )o o + d o
where th e  maximum v a lu e  o f e q u a t io n  ( 2 . 7 . 2 )  i s  when
2 2
K =27Th .C /e  m. ( 2 . 7 . 6 )
max d +
The second  minimum c o r r e sp o n d s  t o  l o c a l i z e d  p o s i t r o n s  and g i v e s  th e  
r i s e  in  th e  p o s i t r o n  a n n i h i l a t i o n  l i n e  shape p aram eters .  Now two
p o s s i b i l i t i e s  may occur
i)E (K )>0  i s  p o s i t i v e  so th e  s e l f - t r a p p i n g  s t a t e  i s  m e ta s ta b le
r e l a t i v e  to  l o w - l y i n g  f r e e  p o s i t r o n  s t a t e s .
ü )E(Kq)< 0 i s  n e g a t i v e  so th e  s e l f - t r a p p i n g  s t a t e  i s  s t a b l e  w hereas  
th e  f r e e  p o s i t r o n  s t a t e s  i s  m e t a s t a b l e .
For th e  case  of E(Kq)> 0 te m p era tu re  depends on t h e  s e l f - t r a p p i n g  o f
p o s i t r o n  i n  in t e r m e d ia t e  te m p era tu re  r a n g e .  He a l s o  c a l c u l a t e d  th e
p r o b a b i l i t y  o f  a n n i h i l a t i o n  w hich  has now changed t o  two s t a t e s  one
s e l f - t r a p p i n g  P and o th e r  f o r  a f r e e  p o s i t r o n  P , where P +P =1 ,  
St f St f
th er ef or e
-1  3j2 -1
=[1+B .T ex p (E (K g )/k T )]  ( 2 . 7 . 7 )
-3l2 "7
P =[1+B . t ' ex p (-E (K g ) /k T )]  ( 2 . 7 . 8 )
2 3/2
where B= i7 ( n. /  y. ) , ( 27rh /mK) / O -  ( 2 . 7 . 9 )
I I
and i s  th e  a to m ic  vo lum e, a r e  v i b r a t i o n a l  f r e q u e n c ie s  o f  th e
c r y s t a l  w ith  a f r e e  or s e l f - t r a p p e d  p o s i t r o n ,  and th e  product FI 
ex ten d s  o v er  a l l  th e  l a t t i c e  v i b r a t i o n a l  modes. F i n a l l y  th e  
F -param eter i s  improved w i t h  th e  a d d i t i o n  o f th e  s e l f - t r a p p i n g  p a r t  to
F(T)=P F +[P F +P F ] ( 1 - P  ) ( 2 . 7 . 1 0 )t t f  ^ St St t
Hodges and T rinkaus i n  (1 9 7 6 )  and Leung e t  a l  (1 9 7 6 )  have concluded  
t h a t  th e  d e fo r m a tio n  p o t e n t i a l  in  S e e g e r " s  c a l c u l a t i o n  i s  to o  l a r g e  to  
be r e a l i s t i c  i n  m e t a l s ,  and f o r  most o f  them p o s i t r o n  s e l f - t r a p p i n g  i s  
n o t  th e  same.
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2 . 8 -P h a se  t r a n s i t i o n s :
2 . 8 .1 -D e f  i n i t i o n ;
In  n a tu r e  t h e r e  a r e  t h r e e  p h a se s  o f  atoms;
s o l i d  ( e g .  g o ld ,  i r o n  e t c . ) ,  l i q u i d  ( e g .  w a ter  a lc o h o l  e t c . ) ,  and
gas  (e g  n i t r o g e n  o x y g en  e t c . ) .  These p h a ses  a r e  dependent on th e
p r e s s u r e ,  te m p era tu re ,  and volum e (W alton A, J 1 9 8 0 ) ,  T h e re fo re  a t
a tm osp h er ic  p r e s s u r e  and a lm o st  room tem p era tu re  a l l  th e s e  th r e e
3
p hases  are  s t a b l e .  By v a i^ n g  t h e  thermodynamic p aram eters  how ever,  
th e  s o l i d ,  l i q u i d  and g a s  p h a se s  can be made s i m i l a r  u n t i l  they  can no 
lo n g e r  be d i s t i n g u i s h e d  a t  a t r i c r i t i c a l  p o in t  ( t r i c r i t i c a l  p o in t  
means a t  a c e r t a i n  tem p era tu re  and p r e s s u r e ,  in  c o n s ta n t  volume^ th e  
t h r e e  phases c o - e x i s t ) .  At c e r t a i n  te m p era tu re  one phase changes to  
another^ f o r  example n i t r o g e n  i n  a t  m o sp h er ic  p r e s s u r e  change to  l i q u i d  
a t  77 K.
In  th e  s o l i d  th e  atoms a r e  h e ld  t o g e t h e r  a t  s h o r t  range in  o r d e r ,  l i k e  
g e o m e tr ic a l  sh ape , c u b ic ,  t e t r a g o n a l ,  h ex a g o n a l ,  e t c .  Some of th e  
e le m e n ts  or a l l o y s  a r e  tra n sfo rm ed  from one s t r u c t u r e  to  th e  o th e r  
s t r u c t u r e  a t  p a r t i c u l a r  te m p era tu re ,  ( e g .  t i n  tr a n sfo r m s  from c u b ic  
s t r u c t u r e  to  t e t r a g o n a l  s t r u c t u r e  a t  1 3 .2  C ) .  A t r a n s i t i o n  from one 
(o r d e r e d )  c r y s t a l  s t r u c t u r e  to  a n o th e r ,  in  w hich  each atom moves  
r e l a t i v e  t o  i t s  n ea r  n e ig h b o u rs  by an amount sm a ll  compared w i th  th e  
u n i t  c e l l  d im e n s io n s ,  i s  c a l l e d  a d i s p l a c i v e  phase t r a n s i t i o n .
2 . 8 . 2 - Phase t r a n s i t i o n  i n  t i n :
T in  i s  an e lem en t  w i th  m e l t in g  p o in t  510K and 3 or 4 v a le n c e  
e l e c t r o n s .  N a t u r a l ly  t i n  has two or t h r e e  a l l o t r o p i e  s t r u c t u r e s ,  one 
i s  g r e y - t i n  or <^-tin  w i t h  a c u b ic  s t r u c t u r e ,  t h e  second  i s  w h i t e - t i n  
or j3 - t in ^ th e  o rd in a ry  form o f  m e t a l ,  and some a u t h o r i t i e s  b e l i e v e  a 
form e x i s t s  betw een  4 3 4 . 5K and m e l t in g  p o i n t .  The o rd in a ry  t i n
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( j 3 - t in )  i s  s t a b l e  but g r e y - t i n  i s  transform ed  t o  th e  w h i t e - t i n  a t  
2 8 6 .4K, and below t h i s  tem p era tu re  i s  s t a b l e .  The t r a n s i t i o n  o f  t i n  
i s  dependent on te m p era tu re  and t im e .  I f  th e  w h i t e - t i n  i s  c o o le d  down 
from th e  h ig h  tem p era tu re  th e  s t r u c t u r e  remain s t h e  same. But by 
i n c r e a s i n g  te m p era tu re  i t  w i l l  t r a n s f e r  to  g r e y - t i n  a f t e r  a t  l e a s t  
about 23 days  a t  240K (P u f f  W e t  a l  1 9 8 4 ) .  T h is  t r a n s fo r m a t io n  
r e s u l t s  i n  a 27% change i n  volum e of t i n .  The transform ed  f r a c t i o n  i s  
g iv e n  by Avrami"s e q u a t io n  a s
k
l - f ( t ) = E x p ( - A t )
where v a lu e  of k v a r i e d  betw een  1-3  (B u rg ers  and Groen 1 9 5 7 ) .
The study of th e  k i n e t i c s  o f  th e  t r a n s fo r m a t io n  has been  l i m i t e d  to  
o b s e r v a t io n  and c a l c u l a t i o n  o f  th e  tem p eratu re -d ep en dence  of th e  
l i n e a r  g r o w th -r a te  of th e  phase tr a n s fo r m a t io n  (B u rges  and Groen same 
p a p e r ) . C c m / ;
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F i g ( 2 . 8 . 2 . a )  White t o  grey  t r a n s fo r m a t io n .  L in ear  r a t e  of growth G 
a t  d i f f e r e n t  te m p era tu re s  f o r  h ig h - p u r i t y  t i n ,  as  m easured d i r e c t l y ,  
and a s  c a l c u l a t e d  from d i la t o m e t e r  exp er im en t.
They found t h a t  th e  grow ing r a t e  of th e  g r e y - t i n  t o  w h i t e - t i n  i s  
dependent on te m p era tu re  ( e g .  .003mm/sec a t  3 03K w h i l e  th e  r a t e  
i n c r e a s e s  t o  .022m m /sec a t  310K ). They a l s o  r e p o r te d  th e  maximum 
phase t r a n s i t i o n  o ccu red  from grey  to  w h i t e  t i n  a t  300K t o  310K t h e  
w h o le  t r a n s fo r m a t io n  w i l l  co m p le te .  Cohen and Van Eyk o b serv e d  t h a t  
th e  t r a n s f o r m a t io n  o f  / 5 - t i n  t o  a - t i n  i s  a c c e l e r a t e d  i f  i t  i s  immersed
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i n t o  a s o l u t i o n  o f  p i n k s a l t  (NH^)^ ^^aClg. In our m easurements i t  was 
o b serv e d  th e  tr a n s fo r m a t io n  a l s o  a c c e l e r a t e ? i f  th e  t i n  i s  p l a s t i c a l l y  
deform ed. The r a t e  o f t r a n s fo r m a t io n  o f  w h i te  t o  grey  t i n  m a tr ix  
m easured by Tammann and Dr ey er  1 9 5 3 ,  i s  i l l u s t r a t e d  in  
f i g u r e ( 2 . 8 . 2 .a ) .T h e y  found th e  r e v e r s e  tr a n s fo r m a t io n  ex p er im en ts ,  
v a lu e  f o r  l i n e a r  r a t e  of growth a  t o  j 5 - t i n  i s  s t a r t e d  a t  3 0 3 .3K and i s  
in c r e a s e d  a t  310K and th e n  t r a n s fo r m a t io n  i s  com pleted  
f i g u r e  ( 2 . 8 . 2 . b ) .  T h is  t r a n s fo r m a t io n  was c l e a r l y  ob served  i n  our 
m easurem ents w hich  w i l l  be d i s c u s s e d  i n  ch a p ter  s e v e n .  The p r o c e s s  of  
th e  tr a n s fo r m a t io n  d iv id e d  th e  m a t e r i a l ;  w h i t e  f i l i n g s
0 0 4
0 0 3
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F i g ( 2 . 8 . 2 . b )  Grey to  w h i t e  t r a n s fo r m a t io n .  L in e a r  r a t e  of th e  
growth G a t  d i f f e r e n t  tem p era tu re .
tra n sfo rm ed  i n t o  th e  grey  powder, formed by tr a n s fo r m a t io n  o f  a w h i t e  
b a r , and th e  powder re tra n sfo rm ed  from grey  to  w h i t e .
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Chapter I I I  P o s i t r o n  a n n i h i l a t i o n  a t  s u r f a c e s
3 . 1 - I n t r o d u c t io n :
The e f f i c i e n c y  o f  a p o s i t r o n  on a s u r fa c e  to  form p o s itro n iu m  ( P s )  was 
a key f a c t o r  i n  f a c i l i t a t i n g  th e  s p e c t r o s c o p i c  s t u d i e s  o f  t h i s  b a s i c  
q u an tu m -e lec tro d y n a m ic  sy stem  (N iem inen  R.M 1 9 8 3 ) .  The slow  p o s i t r o n  
beam t e c h n iq u e s  h ave  made i t  p o s s i b l e  t o  i n v e s t i g a t e  in  d e t a i l  th e  
p r o p e r t i e s  and s t r u c t u r e  of s u r f a c e s  o f m a tter  under u ltra h ig h -v a cu u m  
c o n d i t i o n s  by th e  p o s i t r o n - s u r f a c e  i n t e r a c t i o n .  At somewhat h ig h e r  
i n c i d e n t  e n e r g i e s  o f  p o s i t r o n s  a t  th e  s u r f a c e ,  th e  g r e a t  m a jo r i ty  of  
them th e r m a l iz e d  d u r in g  th e  im p la n t a t io n  and s low ing-dow n. Then 
f o l l o w i n g  d i f f u s i o n  m o t io n  o f  th e  p o s i t r o n s ,  d ur in g  w hich  a 
s u b s t a n t i a l  f r a c t i o n  may reach th e  en tra n ce  s u r f a c e ,  i f  th e  i n i t i a l  
p e n e t r a t i o n  depth  was n o t  to o  lo n g .  At th e  s u r fa c e  s e v e r a l  p r o c e s s  
w i l l  happen. I f  th e  p o s i t r o n  work f u n c t i o n  f o r  p a r t i c u l a r  s u r fa c e  i s  
n e g a t i v e  th e n  th e  p o s i t r o n  may be r e - e m i t t e d  i n t o  vacuum w ith  k i n e t i c  
en erg y  o f  th e  ord er  o f a few eV ( M i l l s  J r .  e t  a l  197 8 a ) .  W hile b e in g  
e m it t e d ,  th e  p o s i t r o n  a l s o  has a c o n s id e r a b le  p r o b a b i l i t y  to  p ic k  up 
an e l e c t r o n  from th e  s u r fa c e  and emerge as  Ps i n  vacuum ( M i l l s  J r .  
197 8 b ) .  F i n a l l y  th e  p o s i t r o n  may be ca p tu red  in  t o  th e  
im a g e - p o t e n t i a l  a t  s u r fa c e  ( t r a p p in g  a t  s u r f a c e ) .  The p o s i t r o n  mean 
energy  i n  t h e  b u lk  w i t h  r e s p e c t  t o  t h e  vacuum l e v e l  i s ,  by d e f i n i t i o n ,  
th e  p o s i t r o n  work f u n c t i o n  and therm al energy n e g l e c t e d  i s  g iv e n  
by;
f  =-D+E +E ( 3 .1  .1 )
Ps +  s  c o r r
where f  i s  p o s i t r o n  work f u n c t i o n ,  D i s  e l e c t r o s t a t i c  s u r fa c e  d ip o l e  
Ps +
b a r r i e r  and E ,E  bound s h i f t  and c o r r e l a t i o n  energy  r e s p e c t i v e l y ,  
s  corr
The c o r r e c t  s u r f a c e  b a r r i e r  i s  p o t e n t i a l  d i f f e r e n c e  betw een  th e
vacuum and t h e  e l e c t r o s t a t i c  p o t e n t i a l  a t  th e  edge of a b u lk
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W in g e r -S e i tz  c e l l .  The p o s it r o n iu m  energy work f u n c t i o n  can be 
c a l c u l a t e d  from t h e  Born-Haber c y c l e  a s
( 3 . 1 . 2 )
where E^=6.8eV i s  t h e  b in d in g  en ergy  o f  th e  p o s i t r o n  w ith  an e l e c t r o n  
and fL i s  e l e c t r o n  w ork f u n c t i o n .
Low en ergy  o f  p o s i t r o n  beams c o l l i d i n g  w i t h  s o l i d  t a r g e t  su r fa c e  came 
f i r s t  i n  1974  when C an ter  e t  a l  r e p o r te d  t h a t  p o s it r o n iu m  i s  formed by 
a p o s i t r o n  b i t t i n g  a m e ta l  t a r g e t  i n  vacuum. Then th e  low energy  
p o s i t r o n  beam te c h n iq u e  was d e v e lo p e d  by f o c u s in g  th e  p o s i t r o n  from  
th e  so u rce  t o  t h e  t a r g e t  through t h e  m a g n e t ic  f i e l d s .
3 .2 - F o s i t r o n  beam s tu d y :
When t h e  lo w -e n e r g y  p o s i t r o n  beam i s  i n t e r a c t i n g  w i th  a s o l i d  
t a r g e t  s u r fa c e  many i n t e r e s t i n g  phenomena o cc u r .  These phenomena a re  
q u i t e  s e n s i t i v e  t o  t h e  t a r g e t  m a t e r i a l ,  o r i e n t a t i o n ,  c r y s t a l l i n e  
p e r f e c t i o n  and s u r f a c e  c o n ta m in a t io n .  A t y p i c a l  sch em a tic  o f  t h i s  
s c a t t e r i n g  h a s  b een  shown i n  t h e  f i g u r e ( 3 . 2 . 1 ) .
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F i g ( 3 . 2 . 1 ) -  Shows t h e  r e s u l t  o f  s low  p o s i t r o n  beam i n t r a c t i o n  a t
s u r fa c e
When t h e  i n c i d e n t  s low  p o s i t r o n  beam i n t e r a c t s  a t  th e  s u r fa c e  o f
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m a tter  two p o s s i b l e  th in g s  w i l l  o c c u r .  F i r s t l y  some of them w i l l  
s c a t t e r  e l a s t i c a l l y  from s u r fa c e  and become a d i f f r a c t e d  beam, i f  th e  
s u r fa c e  i s  s i n g l e  c r y s t a l .  S eco n d ly ,  a v a r i e t y  o f i n e l a s t i c  p r o c e s s e s  
w i l l  occur  f o r  th e  r e s t  o f  th e  i n c i d e n t  p o s i t r o n s  w hich  te r m in a te  when 
th e  p o s i t r o n s  a n n i h i l a t e  or are  e j e c t e d  from th e  s u r f a c e .  B e fo r e  
a n n i h i l a t i o n  th ey  d i f f u s e  back and may be trapped by v a c a n c ie s  or  
reach  th e  s u r fa c e  and become bound i n  t h e i r  "image" p o t e n t i a l  w e l l  a t
th e  s u r fa c e  or l e a v e  th e  s u r fa c e  a s  f r e e  p a r t i c l e s ,  as  p o s itro n iu m  in
i t s  ground s t a t e  or as one of i t s  e x c i t e d  s t a t e s  or p o s itro n iu m  
n e g a t i v e  i o n s  ( M i l l s  J r  1 9 8 1 ) .
P o s i t r o n s  a r e  o b ta in e d  w i th  h igh  k i n e t i c  energy  from /J-decay o f
r a d i o a c t i v e  n u c l e i .  N orm ally in  a m e ta l  th e s e  p o s i t r o n s  l o s e  t h e i r  
energy t o  be s low ed  down t o  therm al energy by i n t e r a c t i o n  w ith  i o n s  or 
e l e c t r o n s ,  but i n  t h e  s l o w - p o s i t r o n  beam te ch n iq u e  they  are  
th e r m a l is e d  a t  one p la c e  and th e n  tr a n s p o r te d  t o  t h e  t a r g e t  w i t h
m o n o e n e r g e t ic  form , in  a c o n t r o l l e d  manner.
The id e a  o f form ing  beams o f  th erm a l-en erg y  p o s i t r o n s  by m od erating  
t h e  e n e r g e t i c  p o s i t r o n s  from a r a d i o a c t i v e  source  occured  t o  (Madansky 
and R a s e t t i  1 9 5 0 ) .  The p o s i t r o n  beam exper im ent was th e n  d ev e lo p ed  by 
Cherry in  1 9 5 8 ,  he su cceed ed  i n  p rod ucin g  a s l o w - p o s i t r o n  beam from
64 -  8
Cu so u rce  w i th  y i e l d  r e l a t i v e  to  total^ p o s i t r o n  f=3 .1X lO  
F o l lo w in g  h i s  s u c c e s s  i n  p rod ucin g  a beam, Madey i n  1968 and a t  th e
same t im e Groce e t  a l  a l s o  su cceed ed  i n  form ing  a beam of few slow
p o s i t r o n s  per second  w hich  they  w ere a b le  t o  m easure th e  t o t a l
s c a t t e r i n g  c r o s s - s e c t i o n  o f p o s i t r o n s  i n  h elium  f o r  th e  f i r s t  t im e .
The e f f i c i e n c y  o f  th e  p o s i t r o n  beam i s  m o s t ly  dependent on th e  type of  
e le m e n ts  t h a t  a r e  u sed  i n  m o d er a to rs .
A f t e r  d e v e lo p in g  s lo w  p o s i t r o n  beam p r o d u c t io n ,  i t  was u s e f u l  t o  study  
m eta l  s u r f a c e s .  In  t h e  p r e v io u s  s e c t i o n  we e x p la in e d  t h a t  a p o s i t r o n
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a t  s u r fa c e  i s  bound by i t s  im a g e - p o t e n t i a l  or e m is s io n  i n  vacuum by
ca p tu re  an e l e c t r o n  t o  form p o s itro n iu m  in  th e  ground s t a t e  and may be
e m it te d  from s u r fa c e  l i k e  a f r e e  p o s i t r o n  in  vacuum. The p o s itro n iu m
—10
w i l l  decay to  two p h otons  w i th  s h o r t  t im e (~T0 s ) ,  when i t  i s  i n  th e
1 -7
s i n g l e t  s t a t e  ( Sq ) and t o  t h r e e  p h otons  w i th  a lo n g e r  time ("10 s ) ,
3
when i t  i s  i n  th e  t r i p l e t  s t a t e  ( S , ) .  The decay from th e  s i n g l e t  
s t a t e  i s  t o  w i th  energy Ey+2m^cF , but from t r i p l e  s t a t e  d ecays  to
th r e e  Vs w i th  energy d i s t r i b u t e d  betw een  z e r o  t o  rn^c^. T h ere fo re  we 
have t o  a t t e n d  t o  t h i s  problem of what f r a c t i o n  o f  th e  p o s i t r o n s  have  
formed p o s i t r o n iu m .  Suppose th e  co u n t in g  r a t e s  m easuring  from 
fo r  two y ' s  and t h r e e  V ^ ' s  a n n i h i l a t i o n  f o r  two d i f f e r e n t  
c o n d i t i o n  o f  sample r e s p e c t i v e l y .  Where t o t a l  f r a c t i o n  o f  p o s i t r o n  
a n n i h i l a t i o n  was eq u a l sum of th e  th r e e  y  s f r a c t i o n  p lu s  two V ' s  
f r a c t i o n  P=I^ . A lso  c o n s id e r  Pp = fR^, w here e i s  th e  cou n ter  
e f f i c i e ^ y  th en  i t  i s  ea sy  to  f i n d  t h a t
^  = ( 1 - R 2 / R 2 ) / ( R ' / ( 3 . 2 . 1 )  
Because th e  a n g u la r  d i s t r i b u t i o n  o f  th e  th r e e  s i s  mixed w ith  two 
y " s  r a t e s  t h e r e f o r e  u s in g  ( 3 . 2 . 1 )  i s  n o t  u s e f u l  (Ore e t  a l  1 9 4 9 ) .  But 
L ev en th a l  (1 9 7 4 )  found a s i m i l a r  method f o r  th e  p o s itro n iu m  f r a c t i o n  f  
where th ey  u sed  t h e  t o t a l  a rea  of spectrum as T^  = f . T^+( 1-f)T^ and th e  
a rea  under th e  peak as  P^  =P^. f+ ( 1 - f ) .P^  , and th e n  c a lc u a t e d  th e  
f r a c t i o n  o f  p o s it r o n iu m  a s ;
f = [ l + ( R j - R „ ) / ( R , - R , ) . ( P ,  /Pq ) ( 3 . 2 . 2 )
where R| = (T j-P j )/Pj . The maximum energy need fo r  p o s itro n iu m
fo r m a t io n  i s
E =-(p = -9L - %_+E ( 3 . 2 . 3 )
Max. Ps
w h e r e i s  th e  p o s itro n iu m  work f u n c t i o n  and i t  i s  n e g a t i v e  f o r  most  
of m e ta ls  e x c e p t  A l k a l i  m e t a l s  (Hodges e t  a l  1 9 7 3 ) .  (p_^ » s r e  th e  
p o s i t r o n  and e l e c t r o n  work f u n c t i o n s  r e s p e c t i v e l y ,  and E^=6.8eV i s  th e
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b in d in g  en erg y  o f e l e c t r o n - p o s i t r o n  p a i r s .
M i l l s  J r  i n  197 9 found th e  f  p o s itro n iu m  f r a c t i o n  p r o b a b i l i t y  
th e r m a l ly  a c t i v e .  He measured th e  p o s itro n iu m  f r a c t i o n  o f  p o s i t r o n  
beam i n t e r a c t i o n  on copper and aluminium s u r f a c e s ,  h i s  da ta  f i t t e d  t o  
e x p r e s s io n  a s  below
f= (f^ + f^ .^ “! z ) / ( l + ^ ! z )  ( 3 . 2 . 4 )
where Z = Z ^ (T )e x p ( -E g /k T ) , 1 i s  tem p era tu re  in d ep en d en t
a n n i h i l a t i o n  r a t e  of s u r fa c e  bound p o s i t r o n ,  Z i s  th e  r a t e  of
o ccu ran ce  of th e  e n e r g e t i c a l l y  fo r b id d e n  d e s o r p t io n  p r o c e s s ,  and E  ^ i s
th e  a c t i v a t i o n  en erg y  o f th e  p o s itro n iu m  by
E = e +</>-E. ( 3 . 2 . 5 )a s -  b
where E  ^ i s  t h e  b in d in g  energy of p o s itro n iu m  on th e  s u r f a c e .  Jean  e t
a l  in  1984 used  j u s t  t h e  e x p o n e t ia l  p a r t  of e q u a t io n  ( 3 . 2 . 4 ) ,  (Z) to
f i t  t h e i r  d a ta  f o r  p o s i t r o n  a n n i h i l a t i o n  i n  g r a f o i l  ( l i f e t i m e
m ea su rem en t) .  They found th e  a c t i v a t i o n  energy i s  E^=(0 .2 2 + 0 .0 2 )  eV
and b in d in g  en ergy  o f p o s itro n iu m  on th e  g r a f o i l  2 .5 8 eV .  The
a c t i v a t i o n  en ergy  Eg i s  v er y  s e n s i t i v e  to  s u r fa c e  o r i e n t a t i o n  and
c o n ta m in a t io n .  Z  ^ i s  te m p era tu re  dependent i f  th e  p o s i t r o n  forms a
tw o -d im e n s io n a l  gas  on th e  s u r fa c e  and p o s it r o n iu m  i s  formed w ith
e l e c t r o n s  from th e  b u lk  s o l i d ,  th en  th e  c o n s ta n t  r a t e  i s  
1o -7
Z q = (8 .335X10 [K ] ) . T  ( M i l l s  J r  1 9 8 0 ) .  I f  e q u a t io n  ( 3 . 2 . 4 )  i s  c o r r e c t  
i t  can be e x p e c te d  t h a t  by lo w er in g  th e  e l e c t r o n  w a v e fu n c t io n  (p_ th e  
Eg v a lu e  w i l l  be n e g a t i v e .  As e l e c t r o n  wav e f  u n c t io n  d e c r e a s e s  th e  f  
w i l l  be i n c r e a s e ,  and th u s  i t  b r in g  t h e  su r fa c e  p o s i t r o n s  t o  d esorb  
s p o n t a n e o u s ly  w ith o u t  th e  need f o r  thermal f l u c t u a t i o n  ( M i l l s  J r  
1 9 7 9 ) .
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3 . 3 -D e te r m in a t io n  o f  th e  P o s i tro n iu m  f r a c t i o n s :
In p r e v io u s  s e c t i o n s  we d i s c r i b e d  th e  b eh av iou r  o f  th e  slow p o s i t r o n  
i n t e r a c t i o n  a t  s u r fa c e  o f  m e t a l s .  The dominant p r o c e s s e s  o c c u r r in g  a t  
a m e t a l l i c  s u r fa c e  can be c a t e g o r i e d  a s :
i ) l o c a l i z a t i o n  o f  p o s i t r o n  on s u r fa c e  s t a t e  w here i t  can e i t h e r  
a n n i h i l a t e  or be s u b s e q u e n t ly  d esorb ed  i n t o  t h e  vacuum as Ps a t  
s u f f i c i e n t l y  h ig h  sample tem p era tu res  (Lann and Lutz 1980 , M i l l s  J r  
1979) .
i i ) d i r e c t  r e - e m i s s i o n  o f  th e  p o s i t r o n  from th e  m e ta l  in  vacuum w ith  a 
n e g a t i v e  p o s i t r o n  work f u n c t i o n  ( M i l l s  J r  e t  a l  1 9 7 8 a ) .
i i i )  r e - a n i t t e d  i n t o  vacuum as p o s it r o n iu m  w here Ps s t a t e  i s  formed  
w h i le  e s c a p in g  from s u r f a c e .
i v ) r e f l e c t i o n  o f  th e  p o s i t r o n  wave from th e  s u r fa c e  p o t e n t i a l  back in
to  the m etal. Other processes l ik e  positronium in an exc ited  s ta te
and Ps n egative  ions have a lso  been observed, but are l e s s  probable.
On the other hand Positronium formation has two p o s s i b i l i t i e s  to  be
formed, parapositronium (pPs) s in g le t  s t a t e a n d  a t r i p l e t  s ta te
orthopositronium (o P s ) .  S t a t i s t i c a l l y  there i s  a three-quarter
prob ab ili ty  of oPs being formed and one-quarter for  pPs. The pPs
3_
s t a t e  d eca y s  t o  two p h otons  each w ith  energy of me , and a decay
rate  8 .1X 10  s . I f  we assume that no p ic k -o f f  or spin exchange
éi -1
p r o c e s s e s ,  oPs d eca y s  t o  t h r e e  p ho to n s  w i t h  a decay r a t e  7 .09X 10 S
and p ro d u c in g  a c o n t in u o u s  energy d i s t r i b u t i o n  a p p r o x im a te ly  betw een
region  0 and mc^  . The methods used t o  measure the three
o
photon a n n ih ila t io n  process (ortho-positronium) are;
i )  A c o in c id e n c e  r a t i o  b etw een  d eca y in g  t h r e e  p hotons  t o  two photons  
a n n i h i l a t i o n .
ii)Measurement of l i f e t im e  spectra.
i i i ) A n g u l a r  c o r r e l a t i o n  measurement o f two photon a n n i h i l a t i o n .
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iv )A  th r e e -p h o t o n  c o in c id e n c e  measurement w i th  la r g e  an gu lar
a c c e p ta n c e .
v)M easurement o f th e  changes i n  t h e  photon  spectrum by s i n g l e  
d e t e c t o r .
The s i n g l e  d e t e c t o r  method p r o v id e s  a h ig h  co u n t in g  r a t e  method fo r  
m e a su r in g  F. F i s  f r a c t i o n  o f  p o s it r o n iu m  fo r m a t io n  and depends on
t h e  r e l a t i o n  o f  th e  peak  a r e a  of th e  spectrum  o v er  th e  t o t a l  area of
th e  sp ectru m . For example f i g u r e ( 3 . 3 .1  a) shows th e  d i f f e r e n c e  between  
s p e c t r a  o f p o s i t r o n  i n t e r a c t i o n s  on aluminum t a r g e t  w ith  d i f f e r e n t
i n c i d e n t  e n e r g i e s  (Lynn 1 9 8 0 ) .
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T h is  f r a c t i o n  i s  c a l i b r a t e d  b etw een  0 and 1 fo r  no p o s itro n iu m  
f o r m a t io n  and 100% p o s i t r o n iu m  fo r m a t io n  a t  t a r g e t  s u r f a c e s  by u s in g  
i n c i d e n t  p o s i t r o n s  w i th  h ig h  energy above 20KeV and z e r o  energy  
r e s p e c t i v e l y .  The r e l a t i o n  o f  th e  t o t a l  a rea  and peak area  w i th  
p o s i t r o n iu m  f r a c t i o n  i s :
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P = N _ ,( l-F )gp ^ F .N ^ .go+ F .N p .gp  ( 3 . 3 . 1 )
and T =N ( 1 - F ) h + F .N  . h + F . N „ . h ^  ( 3 . 3 . 2 )
'‘ 3  P 0 0 P P
where N^, and a r e  th e  number of th e  co u n ts  per u n i t  a rea  fo r  th e  
d i r e c t  a n n i h i l a t i o n  o f  th e  p o s i t r o n  i n  th e  m eta l  or su r fa c e  s t a t e ,  th e  
pPs and oPs a n n i h i l a t i o n  r e s p e c t i v e l y .  The q u a n t i t i e s  o f  and hg
are  th e  a v er a g e  p r o b a b i l i t y  of oPs decay to  th e  th r e e  photons i n  th e  
peak or  th e  f u l l  energy  spectrum . The g^ and h^ t h e  same as above fo r  
pPs. By u s in g  r a t i o  R. = (T .-P .  )/Pj , and s u b s t i t u t i n g  in  3 . 3 .1  and
3 . 3 . 2  th ereb y  e l i m i n a t i n g  th e  v a r i a t i o n s  i n  th e  beam cu rren t  betw een 0 
and 100% which th e  r e s u l t  i s  same a s  e q u a t io n  ( 3 . 2 . 2 ) .
3 . 4 - P h y s i c a l  a d s o r p t io n :
3 . 4 . 1 - I n t r o d u c t i o n :
F i lm s  on s u r f a c e s a r e  c r e a te d  when t h e  p a r t i c l e s  a r e  h e ld  by van der 
Waals f o r c e  on t h e  c o o le d  s u r fa c e  of th e  su b sta n ce  ( s u b s t r a t e ) .  T his  
p r o c e s s e s  h as  been  c a l l e d  a d s o r p t io n ,  and t h e  p a r t i c l e  has been c a l l e d  
a d s o r b a t e .
In  t h e  i d e a l  s t a t e  a t  a b s o lu t e  z e r o  tem p era tu re  t h e r e  i s  no v i b r a t i o n  
and a l l  p a r t i c l e s  w i l l  be a d so rb ed .  But i n  t h e  e q u i l ib r iu m  s t a t e  
p o s i t i o n s  o f  th e  atoms on a space l a t t i c e  a r e  more s t a b l e  and r e g u la r y  
r e p e a t i n g .  As te m p era tu re  in c r e a s e  th e  atoms v i b r a t e  more v ig o r o u s ly  
around t h e i r  l o c a t i o n  and th e n  s t a r t  to  move out from t h e i r  p o s i t i o n s  
(Dash 1 9 7 5 ) .  When g a s e s  c o o l  down th ey  tend  t o  be adsorbed  as  t h i n  
f i l m s  on t h e  s u r f a c e s  o f a s u b s t r a t e  under van  der Waals f o r c e s ,  
r a t h e r  th an  condense i n t o  d r o p le t s  or c r y s t a l s  (Dash 1 9 8 0 ) .  The 
t h i c k n e s s  o f  th e  f i l m s  depend on p r e s s u r e  and tem p eratu re  of th e  
g a s e s .  T h e r e fo r e  by th e  c o n tr o l  of th e  p r e s s u r e  and tem p eratu re  i t  
would be p o s s i b l e  t o  c o n t r o l  th e  t h i c k n e s s  o f th e  f i l m  l a y e r s .  For 
in s t a n c e  a t  v e r y  low tem p eratu re  (h e l iu m  tem p era tu re )  a l l  th e  g a s e s
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w ith  b o i l i n g  p o i n t s  above t h a t  tem p era tu re  become adsorbed . This  
means t h a t  th e  therm al energy o f  th e  g a s e s  i s  low er  than th e  su r fa c e  
b in d in g  en ergy  and v a n  der Waals f o r c e  i s  q u i t e  h ig h  to  b ind th e  
m o le c u le s  on th e  s u r f a c e s .
In p h y s i s o r p t i o n  th e  atoms and s u r f a c e  a r e  not s t r o n g l y  perturbed  from 
t h e i r  i s o l a t e d  s t a t e s ,  t h i s  f a c t  and t h e  l a c k  o f  s p e c i f i c i t y  might  
s u g g e s te d  t h a t  th e  p r o p e r t i e s  o f  th e  p h y s iso r b e d  f i l m s  can be 
u n d er s to o d  w i th o u t  any d e t a i l e d  knowledge o f th e  n a tu re  of th e  
a d so r b in g  s u r f a c e .  But t h i s  i s  n o t  th e  c a s e ,  th e  i n t e r a c t i o n s  betw een  
s u b s t r a t e  atoms and f i l m s  (ad atom s) a r e  im p o rta n t ,  and a l s o  
i n t e r a c t i o n s  b etw een  a tcm s-a tom s (Dash 197 5 ) .  T h e r e fo r e  th e  study of  
adsorbed  f i l m s  g i v e  p r o p e r t i e s  o f  th e  uncovered  s u b s t r a t e  and t h e i r  
i n t r a c t i o n  w i th  i n d i v i d u a l  atom s. The ex p er im en ta l  s t u d ie s  o f  t h i s  
s u b j e c t  u s u a l l y  a re  n u c le a r  m a g n e t ic  r e s o n a n c e ,  n eu tro n  i r r a d i a t i o n  
and e l e c t r o n  d i f f r a c t i o n  on s u r fa c e  e t c .  In t h i s  work, in  f a c t  from 
i n t e r a c t i o n  o f  p o s i t r o n s  w i th  s u r fa c e  atom s, we i n v e s t i g a t e  th e  
a d s o r p t io n  o f  ga s  m o le c u le s  on g r a p h i t e .
3 . 4 .2 -v a n  der Waals f o r c e :
The lo w er  energy or f o r c e  needed t o  h o ld  n o n p o la r  n e u tr a l  m o le c u le s  
to g e t h e r  a re  th e  s o - c a l l e d  London d i s p e r s i o n  f o r c e  or van der Waals 
ty p e .  As two atcm s or m o le c u le s  a r e  b rou ght t o g e t h e r  t h e i r  charge  
d i s t r i b u t i o n s  g r a d u a l ly  o v e r la p ,  th ereb y  changing  th e  e l e c t r o s t a t i c  
energy  o f th e  sy s tem . The o n ly  g e n e r a l  s ta te m en t  t h a t  can be made i s  
t h a t  th e  p o t e n t i a l  has a minimum a t  a s e p a r a t io n  r and i t  r i s e s  a t  
l e s s  th a n  t h i s  s e p a r a t io n .  At s u f f i c i e n t l y  c l o s e  s e p a r a t io n s  i n  th e  
r e g io n  o f  s tr o n g  o v e r la p ,  th e  r e p u l s i o n  i n c r e a s e s  v e r y  r a p id ly  becau se  
of th e  P a u l i  e x c l u s i o n  p r i n c i p l e .  A lthough  th e r e  a r e  no e x p r e s s io n s  
v a l i d  o v e r  th e  e n t i r e  ra n g e ,  one o f th e  most t r a d i t i o n a l  forms i s
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L eo n a rd -J o n es  p o t e n t i a l
12 6
U ( r ) = 4 . f  [ 0 ? / r )  - (< 7 /r )  ] ( 3 . 4 . 2 . 1 )
where U (r )  i s  s im p le  summation o f  p a ir  i n t r a c t i o n s ,  th a t  i s  th e  
i n t r a c t i o n s  b etw een  n e u tr a l  n o n -p o la r  atoms and t h e  su r fa c e  of a van  
der Waals s o l i d .
U (r )=  I  U. ( r - r  ) ( 3 . 4 . 2 . 2 )
I * I
w here r^  r e p r e s e n t s  t h e  l o c a t i o n  o f  atoms of th e  s o l i d .  U (r) i s  
b in d in g  en ergy  of gas m o le c u le s  w i th  d i s t a n c e  r from s u b s tr a te  atoms.  
The l i f e  t im e of th e  adatoms on th e  s u b s t r a t e  i s  n o t  long  because  of 
th e  adatom t r y in g  t o  e sc a p e  from i t s  s i t e  to  n e ig h b o u r in g  s i t e s .  This  
m i g r a t io n  happens ev en  a t  a b s o lu t e  z e r o  tem p era tu re  by tu n n e l in g  
through  th e  p o t e n t i a l  b a r r i e r s  betw een  s i t e s .
3 . 4 . 3 - Thermodynamics o f p h y s i s o r p t io n :
The t h e o r e t i c a l  form u la  of a d s o r p t io n  d ev e lo p ed  from thermodynamics 
began w i t h  Gibb^s g r e a t  work on th e  e q u i l ib r iu m  of H eterogeneous  
s u b s t a n c e s .  In t h e  e q u i l ib r iu m  system  of a d s o r p t io n  th e  exchange of
p a r t i c l e s  betw een  f i l m s  and vapour i s  c o n s ta n t  and energy betw een
s u b s t r a t e  and a d so rb er  i s  minimum. C on s ider  a s u b s t r a t e  which i s  a 
r e l a t i v e l y  s t a b l e  s o l i d  w i t h  s u r fa c e  a re a  A c o n t a in in g  some adatoms 
ad sorb ed  i s  a m ix tu r e  of f i l m  and v a p o u r .  The m ix tu r e  of th r e e  s t a t e s  
s u b s t r a t e ,  f i l m s ,  vapour h a v in g  minimum energy and h igh  l e v e l  
energy E. w i th  energy d e n s i t y  T ( e ) .  In therm al e q u il ib r iu m  of  
a d s o r p t io n  system  a t  tem p era tu re  T th e  p r o b a b i l i t y  of each s t a t e s  w i th  
energy  E, i s  g i v e n  by
W. = exp (-E . /kT ) /  Z exp (-E. /kT ) ( 3 . 4 . 3 . 1 )
I ■ i '
where ZW. =1 ( 3 . 4 . 3 . 2 )
i '
For s i m p l i c i t y  o f  th e  c a l c u l a t i o n  we assume th r e e  s t a t e s  o n ly  
s u b s t r a t e  ( s ) ,  f i l m s  ( f )  and vapour ( v ) . The numbers o f  th e  s i t e s  o f
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s u b s t r a t e  i s  , and numbers o f  th e  atoms or m o le c u le s  i n  f i l m  i s  ,
and number of th e  vapour atoms or m o le c u le s  i s  . The f i x e d  number
of th e  p a r t i c l e s  i n  th e  system  i s  Z w hich  i t  i s  g iv e n  as
Z= Z e x p ( -E ; /k T )= ^ ^ e x p ( -E /k T )  T(E)dE ( 3 . 4 . 3 . 3 )
and defined Z=Z^.Z^.Z^. The to ta l  energy® of the system has been
c a l c u l a t e d  by summation o v er  s t a t e s  a s
E= Z W .E .=  Z E . . e x p ( - E . / k T ) /  I  e x p ( - E . /k T )  ( 3 . 4 . 3 . 4 )
1 i • i  I I I >
The expression  above can be re -w r it te n  as
E=-(d  I  e x p ( - E . / k T ) / d ( l / k T ) ) / Z = - d ( L n ( Z ) ) / d ( l / k T )  ( 3 . 4 . 3 . 5 )
i I
where E=E^+E^+E .^ From thermodynamic p rop ertie s  the to ta l  energy of
system i s
S = -k .Z  Ln[(W.) ! ]= -k .  I  W Ln(W. ) ( 3 . 4 . 3 . 6 )
I ' i • '
where S=S +S +S and t h e r e f o r e  i t  can be c a l c u l a t e d  s im p ly  by s f V
S=E/T+k.Ln(Z) ( 3 . 4 . 3 . 7 )
s i m i l a r l y  we can w r i t e
Sg=E g/T +k.Ln(Z g), S^  = E^/T+k.Ln(Z^) , . . e t c  ( 3 .4  . 3 . 8 )
The H elm h o ltz  f r e e  energy i s  g i v e n  by
F = -k .T .L n (Z )= E -T .S  ( 3 . 4 . 3 . 9 )
From th e  f i r s t  law of thermodynamics we have
dE=dQ- Z X dx ( 3 . 4 . 3 . 1 0 )
a a  a
u s in g  o th e r  p r o p e r t i e s  o f  thermodynamics l i k e ,  en th a lp y  and G ib b 's  f r e e
energy of t h e  system  and f i n a l l y  f i n d  out
5/2 3
S =-(dE, /dT ) =N . k .L n ( e  V/N A ) ( 3 . 4 . 3 . 1 1 )
l \ , ,V  V
P=-(dFy/dV)^ =Nyk.T/V ( 3 . 4 . 3 . 1 2 )
)U=(dFv/dN = -k .T .L n (k T /P v l  ) ( 3 . 4 . 3 . 1 3 )
'' T,V 1/2
w here /u i s  chem ica l  p o t e n t i a l  of vapour and A —h/(27rmkT) , and i t
was assumed t h a t  th e  vapour b eh a v es  a s  i d e a l  gas  i f  s u b s t r a te
i n t e r a c t i o n s  a r e  a b s e n t .  F i n a l l y  th e  vapour p r e s s u r e  can be
c a l c u l a t e d  from e x p r e s s io n  ( 3 . 4 . 3 . 1 2 ) ,  and ( 3 . 4 . 3 . 1 3 )  a s  t h e  f o l l o w i n g
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e x p r e s s io n
P=(2mn/b ) . (k T )  exp(/^^/kT) ( 3 . 4 . 3 . 1 4 )
For more d e t a i l s  o f  th e  above  c a l c u l a t i o n s  s e e  appendix  I o f  t h i s  
t h e s i s .
3 . 4 .4 -Langm uir m o n o la y e r s :
In  t h i s  model c o n s id e r  th e  f i x e d  number o f i d e n t i c a l  s i t e s  (Ng) w ith  
each s i t e  c a p a b le  o f a d so rb in g  one atom o f  gas w i th  b in d in g  energy £ . 
Assuming t h a t  a l l  th e  atom s a r e  c o m p le te ly  l o c a l i z e d  on th e  sep a ra te  
d i s t a n c e  s i t e s ,  and obey Boltzmann s t a t i s t i c s ,  t h e r e f o r e  th e  Z 
c a l c u l a t e d  by
Z^= Z exp(-E./kT)=Q (N^ ,N g )ex p (-E (N ^ )/k T )  ( 3 . 4 . 4 . 1 )
and Q (N ^,N g)=N g!/(N g-N p)!.N ^ I. The H elm h oltz  f r e e  energy g iv e n  by
=-kTLn(Z^)=-kTLn[NgI/(Ng-N ^)!.N^ l . e x p ( - ^ k T )  ( 3 . 4 . 4 . 2 )
and by u s in g  S t i r l i n g ' s  a p p ro x im a tio n  we can w r i t e
F. =N^-kT[NgLn(N5)-N^Ln(N^)-(Ng-N^)Ln(Ng-N^)] ( 3 . 4 . 4 . 3 )
In  p r e v io u s  s e c t i o n s  we e x p la in e d  t h e  ch em ica l  energy r e l a t i v e  to
p a r t i a l  d e r i v a t i o n  o f  H elm holtz  energy a s = ( d F ^ / d N ^  )^^^ , a l s o  by
s u b s t i t u t i n g  ( 3 . 4 . 3 . 1 3 )  ca n  be w r i t t e n
2 ^ 2  %
(Ns /N ^ -1) .P=(27nii/h ) (kT) e x p ( - f g /k T )  ( 3 . 4 . 4 . 4 )
where Ng/ =x i s  c a l l e d  c o v e ra g e  o f th e  m onolayer on th e  s u b s tr a t e  and
i t  i s  e a s i l y  c a r r i e d  out from above e x p r e s s io n  as
2 %  %  -1 
x=[l+(2% m/h ) (kT) e x p ( - f / k T ) / p ]  ( 3 . 4 . 4 . 5 )
T h is  means t h e  co v e ra g e  w i t h  assu m ption  o f  l o c a l i z e d  atom on th e
s u b s t r a t e  s i t e s  depends on th e  vapour p r e s s u r e  and tem perature  of
a d so rb er  and s u b s t r a t e .  Then by c o n t r o l l i n g  t h e  tem perature  i n  an
i s o t h e r m a l  measurement i t  i s  p o s s i b l e  t o  f i n d  a r e l a t i o n s h i p  betw een
p r e s s u r e  and c o v e r a g e .  Most of th e  e x p er im en ta l  measurement w hich  has
been  done so f a r  has b een  f o r  th e  i s o th e r m a l  c a s e .
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3 . 4 . 5 - Boltzmann a p p r o x im a t io n :
In  t h e  Langmuir m on o layer  th e  a ssu m p tio n  was t h a t  th e  l o c a l i z a t i o n  
o f  th e  adatoms on  t h e  s i t e  o f  s u b s t r a t e  w i th o u t  any movement. But i f  
th e  a d s o r p t io n  i s  t o  be a s  a f l u i d  i t  i s  n o t  p o s s i b l e  t o  use th e  above  
e x p r e s s io n  ( 3 . 4 . 4 . 5 )  f o r  th e  co v e ra g e  of th e  l a y e r .  In t h i s  ca se  th e  
Boltzm ann a p p r o x im a t io n  i s  u s e f u l  t o  use  fo r  th e  coverage of th e  
l a y e r .  C on sider  a un iform  smooth a t t r a c t i n g  s u b s t r a t e  of area  A and 
Ng p a r t i c l e s  a r e  ad sorb ed  w i t h  b in d in g  energy of each p a r t i c l e
r e l a t i v e  to  su r fa c e -n o r m a l  m o t io n s .  The f i l m  p a r t i c l e s  can t r a n s l a t e  
f r e e l y  in  t h e  x , y s u r f a c e - p a r a l l e l  d i r e c t i o n s .  T h e re fo re  the energy  
f u n c t i o n  o f  th e  f i l m  i s
N p
E (p ,r )= - N  (Eg) + Z (p /2m) ( 3 . 4 . 5 . 1 )
' i I
a t  s u f f i c i e n t l y  h ig h  tem p eratu re  and low d e n s i t y  t h i s  approx im ation
2
can be used  under c o n d i t i o n  n A <<1, and n=N^/A i s  number of th e  f i l m s  
atoms or m o le c u le s  d iv id e d  a re a  of s u b s t r a t e  or u n i t  a re a .  In t h i s  
ca se  th e  Z c a l c u l a t e d  a s
2 N
Z = ( 1 /N ^ ! ) . [ A  exp( / k t  ) /  A ] ( 3 . 4 . 5 . 2 )
The H e lm h o ltz  energy i s  g iv e n  by
2
F——N [fg+kTLn(Ae/N j A ) ( 3 . 4 . 5 . 3 )
2
and ^ = (d F ./d N p )  =—6 +kTLn(nA) ( 3 . 4 . 5 . 4 )
f 2
Then P = (n /A  ) ex p (-e^ /k T ) ,  ( 3 . 4 . 5 . 5 )
1/2
w here A=h/(27rmkT) . In t h i s  work both  form ula  have been used  t o  f i t  
th e  d a ta  w hich  we w i l l  e x p l a i n  l a t e r .
3 . 4 .6 -Gas a d s o r p t io n  on g r a p h it e :
The a d s o r p t io n  o f  g a s e s  on th e  s u r fa c e  of th e  g r a p h it e  has been  
i n v e s t i g a t e d  f o r  many y e a r s  by d i f f e r e n t  methods such as low energy  
e l e c t r o n  d i f f r a c t i o n  (LEED), Neutron  d i f f r a c t i o n  on th e  s u r fa c e ,  h ea t  
c a p a c i t i e s  m easurem ents ,  c a l o r i m e t r i c  m easurements e t c .  The g r a p h i t e .
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carbon  b la c k  or e x f o l i a t e d  g r a p h i t e ,  known co m m erica lly  as g r a f o i l ,  i s  
a good s u b s t r a t e  f o r  s t u d i e s  o f  a d s o r p t io n  o f  g a s e s .  T his i s  b ecause  
some p r o p e r t i e s  o f  g r a p h i t e ,  such a s ,  la r g e  su r fa c e  a re a ,  
e n e r g e t i c a l l y  un iform  s u r fa c e  a r e a ,  and f i n a l l y  i t  can be removed any 
i m p u r i t i e s  on  t h e  s u r f a c e  e a s i l y  by p u t t in g  i t  a t  h igh  tem perature  
under h ig h  vacuum.
The g a s e s ,  such as  arg o n ,  n i t r o g e n ,  oxygen , and helium  adsorbed on 
g r a p h i t e  have b een  s t u d ie d  by many m ethods. The p h y s ic a l  p r o p e r t ie s  
o f th e  a d s o r p t io n  o f  th e s e  g a s e s  on th e  g r a p h it e  su r fa c e  a re  
c o m p le t e ly  d i f f e r e n t  and a l l  depend on th e  vapour p r e s s u r e  and 
t e m p era tu re .  Furtherm ore h ig h e r  vapour p r e s s u r e  i s  a s s o c i a t e d  w ith  
h ig h e r  te m p era tu re  a t  m on o layers  c o v e r a g e s  o f th e  g a s e s  on s u b s tr a te  
(Kjems e t  a l  1 9 8 4 ) .  The s u r fa c e  a re a  of s u b s t r a t e  can be found by 
a d s o r p t io n  o f  th e  g a s e s  on t h e  s u r f a c e ,  as m onolayers  r e g i s t e r e d  on  
t h e  s u r f a c e ,  by two m eth ods;
1)By th e  amount o f t h e  gas adsorbed  on t h e  g r a p h it e  su r fa c e  ( e . g ;
2
415 CC o f  n i t r o g e n  on 6 0 .5  gr o f g r a p h i t e  g i v e s  a su r fa c e  a rea  1815 m
o2
c o n s id e r in g  t h e  m o le c u le  o c c u p ie s  1 6 .4  A)
2 )D e te r m in a t io n  o f  th e  q u a n t i t y  o f th e  gas r e g i s t e r e d  on th e  s u r fa c e  
(>/3 xTa ) .
The a d s o r p t io n  o f n i t r o g e n  and argon  on g r a p h it e  carbon b la c k  was
i n v e s t i g a t e d  by Rouquerol e t  a l  (197 6 ) .  They ob served  i n  vapour
p r e s s u r e  m easurem ents jump a t  n e a r ly  com plete  coverage  a t  12 t o r r  f o r
argon  and a t  8 . 5  t o r r  f o r  n i t r o g e n .  Where l a t e r  i t  was r e p o r te d  as
o rd er  d i s - o r d e r  t r a n s i t i o n  o f  th e  n i t r o g e n  (Larher 1 9 7 8 ) .  They a l s o
'K
r e p o r t e d  th e  a re a  o f  t h e  o c c u p a t io n  o f  n i t r o g e n  m o le c u le s  cov^ing
o2  o 2
t h r e e  h exagon s  o f  g r a p h i t e  1 5 .7  A and f o r  argon m o le c u le s  12 .5  A.
At v e r y  low te m p era tu re  t h e  gas  m o le c u le s  on th e  su r fa c e  i s  l i k e  s o l i d
w ith  b in d in g  en ergy  g . T h is  b in d in g  energy was c a l c u l a t e d  fo r
59
n i t r o g e n  on g r a p h i t e  by S t e e l e  (197 8) ^=1110 K w hich  was l a t t e r
improved by Bruch i n  1983 . He found f ^ l l 5 9  K f o r  n i t r o g e n  on th e
g r a p h i t e  by a d d i t i o n  o f  th e  q u a d ra p o le -q u a d r a p o le  i n t e r a c t i o n  to  
L ondon-Jones p o t e n t i a l .  The oxygen b in d in g  energy was c a l c u l a t e d  by 
P a tr y k ije w  e t  a l  in  1 9 8 3 ,  €^=1050 K. R e cen t ly  th e  t r a n s i t i o n s  o f
s t r u c t u r e  o f s o l i d  l a y e r s  was ob serv ed  f o r  oxygen on g r a p h it e  a t  v ery
low tem p era tu re  1 1 .3  K from a n t i f e r r o m a g n e t ic  t o  fe r r o m a g n e t ic ,  o r  o;-cr 
and CT-/Î e t c  by S tep h en s  e t  a l  1 9 8 0 ,  and Toney e t  a l  1 9 8 4 .  The 
t r a n s i t i o n  o f  o rd er  to  d is o r d e r  s t r u c t u r e  of n i t r o g e n  was ob served  
above 50 K by Kjems e t  a l  1976 and l a t e r  by Larher 197 8 .  He re p o r ted  
t h e  t r a n s i t i o n  o f  s o l i d  t o  f l u i d  n i t r o g e n  a t  80 K and i t  was 10 K 
above th e  v a lu e  r e p o r te d  by Chang and Dash. But in  1983 th e  
t r i c r i t i c a l  p o in t s  o f  th e  n i t r o g e n  on g r a p h i t e  was r e p o r te d  a t  8 5 .3 4  K 
by Miner e t  a l .  The t r i c r i t i c a l  p o in t  i s  th e  end p o in t  of th e
com m en surate-so l  i d - f l u i d  c o e x i s t e n c e  r e g io n  near th e  m on olayer .  
R e c e n t ly ,  p o s i t r o n  a n n i h i l a t i o n  exp er im en t ( l i f e t i m e  m easurem ents) was 
u sed  t o  i n v e s t i g a t e  th e  m onolayer experim ent o f n i t r o g e n  and argon  on  
t h e  g r a p h i t e  by Jean  and Zhuo 1 9 8 5 .  They ob serv ed  t h a t  maximum 
p o s i t r o n iu m  was e m it t e d  a t  h a l f  coverage  of th e  gas a t  77 K. They 
o b serv e d  th e  t r a n s i t i o n  te m p era tu re  of th e  m onolayer s o l i d  t o  l i q u i d  
and g a s ,  f o r  n i t r o g e n  and argon .
The l i g h t  g a s e s  l i k e  h e l iu m  and hydrogen , a l s o  adsorbed  on g r a f o i l ,  a t  
low te m p era tu re  w ere  measured by (NMR) and (NDM). Dash has m ention ed  
t h a t  th e r e  i s  no ex p e r im e n t ,  so f a r  to  show th e  m onolayer o f helium  
above 100 K.
C hapter IV I n s tr u m e n ta l  d e t a i l s  o f  e x p er im en ta l  equipm ent.
4 . 1 - I n t r o d u c t io n :
The system  w h ich  i s  u s u a l l y  used  i n  D oppler b roaden ing  sp e c tr o s c o p y
i s  c o n ta in e d  o f  a h ig h  r e s o l u t i o n  sem iconductor  d e t e c t o r  as i t  was
m e n t io n ed  i n  th e  p r e v io u s  ch a p te r .  The i n t r i n s i c  germanium p la n a r
d e t e c t o r  t h a t  was employed i n  t h i s  study was s u p p l ie d  by P r in c e to n
2
Gamma-Tech (PGT), w i t h  a c t i v e  volume of 200mm (16mm d iam eter  and
9.2mm t h i c k n e s s ) .  A p r e a m p l i f i e r  th e  h e a r t  of which  i s  a f i e l d - e f f e c t  
t r a n s i t e r  i s  in c o r p o r a t e d  w i th  d e t e c t o r  and i s  mounted a t  th e  end o f  a 
c o o l i n g  sy stem  ( c r y o s t a t ) .  The d e t e c t o r  should  be c o o le d  by f i l l i n g  
th e  c r y o s t a t  w i t h  l i q u i d  n i t r o g e n  tw ic e  a week. The power supp ly  tô  
th e  d e t e c t o r  2000 v o l t s ,  by a T en nelac  TC941 h igh  v o l t a g e
power s u p p ly .  The p r e a m p l i f i e r  u s e s  o p t i c a l  f e e d  back  and t h e r e  i s  a 
r e s e t  p u l s e  (8  m icr o seco n d  r i s e  t im e)  t h a t  i s  g e n e r a te d  ^ i o d i c a l l y  to  
com pensate  f o r  (a )  l e a k a g e  cu r r e n t  in  t h e  d e t e c t o r  and (b )  d e t e c t o r  
c u r r e n t s  cau sed  by o b serv e d  r a d i a t i o n .  The ou tp ut p u l s e s  from th e  
p r e a m p l i f i e r  a re  o f  p o s i t i v e  p o l a r i t y .  These p u l s e s  a re  th en  
a m p l i f i e d  t o  about s i x  v o l t s  am p litud e  w i t h  l e s s  th a n  100 m icrosecon d  
r i s e  t im e ,  by th e  means o f  a main a m p l i f i e r  (T en n e la c  TC205 
a m p l i f i e r ) .  The r e s o l u t i o n  o f  th e  d e t e c t o r  was found t o  be l . l 2 k e V  a t  
f u l l  w id th  o f h a l f  maximum (FWHM) f o r  t h e  s i n g l e  Gamma—ray Sr of  
514kev en er g y .
A t y p i c a l  s ch em a tic  diagram o f  th e  system  i s  shown i n  f i g u r e ( 4 . 1  . a ) , 
I t  can  be s e e n  t h a t  our system  c o n s i s t e d  o f  th r e e  p a r t s :
i ) e l e c t r o n i c  c i r c u i t s ,  i i ) l o w  to a p e r a tu r e  systCTi ( c r y o s t a t ) ,  i i i ) h i g h  
te m p era tu re  system  ( f u r n a c e ) .
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Fig(4.1.a) The schematic illustration of the Doppler-broadening system, 
employed throughout the work.
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4 . 2 - E l e c t r o n i c  in s tr u m e n ts :
The e l e c t r o n i c  sy s tem s  w ere used  i n  t h i s  work a r e :  a Laben 8215
a n a l o u g e - t o - d i g i t a l  con ver tor(A D C ), a M u lt ich a n n e l  a n a ly s e r  w ith  
memory (MCA L in k  s y s t e m ) , a D i g i t a l  tem p eratu re  c o n t r o l l e r  (DTC), a 
m a ste r  tem p era tu re  c o n t r o l l e r  (MTC), and a 380DZ m icro-com puter  
in c o r p o r a te d  w i th  a M ic r o p r o c e sse r  u n i t ,  and a V.D.U.
4 . 2 . 1 - (ADC) and (MCA):
U n ip o la r  ou tp ut p u l s e s  from th e  main a m p l i f i e r  w ere fe d  to  th e  
(ADC), w ith  a f a s t  c o n v e r te r  tim e about 4 . 5  m icrosecon d  p lu s  p u lse  
r i s e  t im e .  These p u l s e s  w ere  d i g i t i s e d  l i n e a r l y  a cco rd in g  to  t h e i r  
a m p l i t iu d e .  Then th e  output from (ADC) was f e d  t o  th e  analogue input  
of a m u lt i c h a n n e l  a n a ly s e r  w i th  4096 c h a n n e ls .  P r a c t i c a l l y  on ly  h a l f  
of th e  c h a n n e ls  w ere  used  by o f f - s e t t i n g  th e  MCA. We w ere a b le  to  
o b t a in  gamma-ray energy d i s t r i b u t i o n  o f about 9 3 .5 e v  per ch a n n e l.  
The d a ta  o b ta in e d  by th e  d e t e c t o r  w ere s to r e d  i n  a Nova-2 computer 
w ith  8K memeory, s u p p l ie d  by L in k -sy s te m  L td . Then th e  output data  
w ere typed  by a t e l e t y p e  and kept on th e  d is k  d r iv e  of a 380DZ 
com puter. These d a ta  w ere  c o l l e c t e d  a f t e r  two hours run w h i l e  a t o t a l  
of 35 5  c h a n n e ls  w ere  u sed .  For some measurem ents in  t h i s  work we 
added about 200 c h a n n e ls ,  in  th e  340keV r e g io n  o f th e  w hole  spectrum,  
t o  th e  d ata  o f  each run. One V.D.U was co n n ected  to  (MCA), so th a t  i t  
was p o s s i b l e  t o  s e e  th e  w h o le  spectrum of th e  a n n i h i l a t i o n  l i n e s  on 
th e  s c r e e n .
4 . 2 . 2 - 380DZ m icro -com p u ter:
The 380DZ d oub le  d e n s i t y  d i s k  w i th  85K memor y was used ,  
in c o r p o r a te d  w i th  th e  e l e c t r o n i c  system  to  c o n tr o l  th e  w h o le  system  
d u r in g  t h e  d a ta  a cc u m u la t io n .  F i r s t  of a l l  a programme, which was 
w r i t t e n  and d ev e lo p ed  by Umar Rao, was load ed  i n t o  th e  memory. There
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a re  some in f o r m a t io n  w h ich  a re  asked  f o r  by th e  programme such as
s t a r t i n g  te m p e r a tu r e ,  f i n a l  tem p era tu re ,  t i t l e ,  e t c .  must be su p p l ie d  
by th e  u s e r .  T here a r e  a l s o  some output p u l s e s  p r o v e d  by th e
programme w hich  can do th e  f o l l o w i n g  f u n c t i o n s .  The a c q u ir e d  
te m p era tu re  can be o b ta in e d  by sen d in g  one of above output p u l s e s ,  
d e s ig n e d  f o r  t h i s  p u rp o se ,  to  MTC. Having o b ta in e d  th e  req u ired  
te m p era tu re  th e  MTC i s  s to p p ed  by an oth er  output p u l s e .  One output  
p u l s e  s e n t  by computer e r a s e s  t h e  p r e v io u s  data  of MCA and a n o th er  one 
s t a r t s  i t  f o r  a new run. At th e  end o f  t h e  run th e  MCA would s to p  by 
a n o th er  ou tp ut p u l s e .  F i n a l l y  th e  c o l l e c t e d  d a ta  a re  s to r e d  on th e  
p ro v id e d  d i s k  and th e n  p r in t e d  out by th e  t e l e t y p e .  A sample of th e
ou tp ut spectrum  i s  appended i n  th e  appendex I I .
The same p r o c e s s  was r e p e a te d  f o r  th e  n ex t  run a f t e r  th e  tem p eratu re  
of th e  new run had s t a b i l i z e d  a t  th e  s e t  tem p eratu re .  The on ly  
d is a d v a n ta g e  o f  t h i s  p r o c e s s  i s  t h a t  th e  memory of th e  computer i s  n o t  
enough t o  c o l l e c t  th e  w h o le  spectrum d a ta ,  i f  n e c e s s a r y .  T his  problem  
was f o r t u n a t l y  s o lv e d  l a t e r  by u s in g  a n o th er  380Z computer 
in c o r p o r a te d  w i t h  th e  main one. The ad ven tage  of t h i s  computing  
sy stem  i s  t h a t  th e  ex p er im en ts  can be per formed a u t o m a t ic a l ly  w ith  
more a c c u r a c y .
4 . 2 . 3 - M aster tem p era tu re  c o n t r o l l e r  (MTC):
The f u n c t i o n s  o f  th e  sp e c tr o m e te r  of th e  MCA a re  c o n t r o l l e d  by MTC. 
There a r e  two o p e r a t io n  on MTC, one i s  manual and th e  o th e r  i s  
a u to m a t ic .  I f  th e  manual o p e r a t io n  i s  u sed ,  every  th in g  sh ou ld  be 
c o n t r o l l e d  by th e  u s e r .  But i n  th e  a u to m a tic  o p e r a t io n s  t h e  MTC i s  
o p e r a t in g  by t h e  u se  o f  a programmable c y c l e  c o n t r o l l e r .  The p u l s e s  
w hich  a r e  f e d  from 380DZ to  MTC c o n t r o l s  th e  i n t e r v a l  time betw een  
e v e ry  two s u c c e s s i v e  ru n s ,  t h e  increm ent tem p eratu re  of th e  sample and
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e r a s e  th e  MCA t o  make th e  system  ready f o r  a n ex t  run. The MTC i s  in  
s e r i e s  w i t h  380DZ com puter, m ic r o p r o c e s s e r  u n i t ,  and DTC.
4 . 2 . 4 - D i g i t a l  tem p ratu re  c o n t r o l l e r  (DTC):
A n oth er  e l e c t r o n i c  sys tem  and a v ery  im portant one i s  DTC which
reads  t h e  tem p era tu re  of th e  sample by means o f  a therm ocouple  input
(mV). The ou tp ut power o f th e  DTC i s  f e d  t o  th e  h e a te r  w ir e  o f sample
h o ld e r .  T h is  o u tp u t  i s  p r o p o r t io n a l  to  sample tem p eratu re .  The
te m p era tu re  was c a l i b r a t e d  w i th  l i q u i d  n i t r o g e n  or h elium  tem p eratu re
r e f e r e n c e s .  The c a l i b r a t i o n  data  was g iv e n  to  th e  computer as i n i t i a l
in f o r m a t io n ,  w hich  was s to r e d  i n  th e  memory of th e  computer. Now any
r e a d in g  from DTC can be compared w ith  th e  c a l i b r a t i o n  data  and
o
c o n v e r te d  t o  th e  tem p era tu re  u n i t  (K or C ). The w ir e  h e a t e r  o f th e
sample h o ld e r  had a r e s i s t a n c e  of 7 0 ohm and was s u p p l ie d  by th e
o
m a n u fa ctu rer  w i th  maximum tem perature  e f f e c t  of 250 C. At tem p eratu re  
e q u i l ib r iu m  th e  ou tp ut power su p p l ie d  from DTC t o  th e  h e a t e r  w i l l  
rem ain c o n s t a n t ,  p ro v id e d ,  when, th e r e  i s  no d i f f e r e n c e  betw een  th e  
s e t t i n g  and r e a d in g  on th e  DTC.
4 . 2 . 5 - S t a b i l i z a t i o n  o f e l e c t r o n i c s  system :
I t  i s  n e c e s s a r y  to  reduce  th e  e l e c t r o n i c  n o i s e  and a l s o  t h e  d r i f t
on p o s i t i o n  o f  th e  spectrum , which i s  a f f e c t e d  by tem p eratu re
f l u c t u a t i o n  o f  th e  surrounding  environm ent and main e l e c t r i c  power.  
The b e s t  id e a  was t o  d e s ig n  a cage tem perature c o n t r o l l e r  and use  a 
m a g n e t ic  s t a b i l i z e r  to  f i x  any f l u c t u a t i o n s  i n  th e  frq u en cy  and 
v o l t a g e  from th e  main power t o  th e  system . The cage tem p eratu re
c o n t r o l l e r  i s  shown i n  f  igur e ( 4 .1  a ) . I t  i s  c o n s i s t  o f  an a i r  co n d i­
t i o n i n g  system  to  keep t h e  cage c o ld ,  a co n s ta n t  h e a t e r ,  a fa n ,  and 
f i n a l l y  a v a r i a b l e  h e a t e r  c o n tr o l  sw itc h  (o n  or o f f )  which works by 
mercury—to —g l a s s  therm om eter. A l l  th e s e  in s tr u m e n ts  a r e  in c o r p o r a te d
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t o g e t h e r  to  keep th e  tem p era tu re  of th e  cage c o n s ta n t  a t  2 1 .5  C. The 
w a l l s  o f  th e  cage a r e  covered by 5cm t h i c k  p o ly s t y r e n e  thermal 
i n s u l a t o r .  The MCA, a m p l i f i e r s ,  DAG and d e t e c t o r  w ere kept in  th e  
c a g e .  The d e t e c t o r  was mounted i n  th e  corner  of cage in  f r o n t  of th e  
aluminum f o i l  window.
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In  m ost of our m easurem ents th e  s i n g l e  Gamma-ray r a d i a t i o n  from Ru 
w it h  energy  o f  497keV was u sed . The s i g n i f i c a n c e  of t h i s  source i s  
t h a t  i t  i n t r o d u c e s  a new param eter as G -param eter which shows any 
d r i f t  i n  t h e  p o s i t i o n  o f  th e  l i n e  shape o f th e  peak . The G-parameter  
su p p o ses  t o  be s t r i g h t  l i n e  as a f u n c t i o n  o f tem p eratu re  t h e r e f o r e  any 
p o i n t s  above or below th e  G v a lu e  more than  1% co rresp o n d  t o  th e  l i n e  
shape (F -p a r a m e te r ) w hich  i s  n o t  r e a s o n a b le  and sh o u ld  be o m itted  from 
th e  a n a l y s i s .
4 . 3 - Low tem p eratu re  measurement ( C r y o s t a t ) :
To i n v e s t i g a t e  th e  p o s i t r o n  a n n i h i l a t i o n  in  a la r g e  tem perature  
range o f 4 .2K  t o  480K, i t  i s  n e c e s s a r y  to  d e s ig n  a low tem perature
c r y o s t a t .  A sc h e m a t ic  diagram o f  th e  c r y o s t a t  i s  shown in  
f i g u r ( 4 . 3 . l a ) . T h is  c o n t a in e s  two c o n c e n t r i c  p yrex  dewar v e s s e l s  
h a v in g  o u t e r  d ia m ete rs  o f  15cm and 9mm r e s p e c t i v e l y .  The sample  
h o ld e r  has been  mounted i n  t h e  in n e r  dewar, and both  dewars have a
d o u b le  w a l l  j a c k e t  ev a c u a ted  by vacuum pump. The o u ter  dewar was
f i l l e d  w i t h  l i q u i d  n i t r o g e n  and t h e  in n e r  one f i l l e d  up g r a d u a l ly  by 
l i q u i d  n i t r o g e n  or h e l iu m .
The sample h o ld e r  i s  mounted in  a b r a s s  vacuum chamber which i s  
th erm a ly  i n s u l a t e d  from th e  sample h o ld e r .  I t  i s  made from 99.99X
copper  w i t h  two g ro o v e s  on t h e  to p  and bottom as can be see n  in  
f i g u r e ( 4 . 3 . 1 b ) .  The h e a te r  w ir e  was wound around t h e s e  g r o o v e s ,  w ith  
t o t a l  r e s i s t a n c e  o f 7 0 ohm. In b etw een  t h e s e  g r o o v e s  th e  sample
67
Thermocouple -» Heater
Vacuum
pump
Thermocouple
reference
junction Steel tube
Stycast
Equally spaced 
six screws
Indium
wire
Th ermal
anchoring
pointsNylon screw
Top plate
Thermocouple 
measuring 
j un ction
Sample
Brass
vacuum
chamber
FIG(4.^.l b ) A schematic drawing of the low temperature cryostat
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sp ec im en  i s  mounted, and i t  i s  h e ld  by a s h e e t  of aluminium, w hich  i s
screw ed  up t o  th e  sample h o ld e r .  The Au+.03% Fe therm ocoup le  i s  u sed
t o  m easure  th e  tem p eratu re  o f th e  sample, and as  i t  shows i n  th e
f i g u r e  th e  m easu r in g  j u n c t i o n  o f therm ocouple  i s  screw ed t o  th e  sample
h o ld e r  and th e  r e f e r e n c e  j u n c t io n  g o es  out of chamber, which i s
co v e red  by s t y c a s t .  There i s  a sh a llo w  groove  on t h e  top  edge of th e
b r a s s  chamber w hich  f i l l e d  by an indium s e a l  as  w ash er ,  th a t  i s  f i x e d
on th e  chamber l i d  w i t h  s i x  scr ew s .  The b r a s s  chamber i s  u s u a l l y  kept
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under vacuum b e t t e r  than 10 t o r r  a t  room tem p eratu re  b e fo r e  
measurement f o r  a t  l e a s t  twenty four h o u rs .  Two ou tp ut and in p u t  
w i r e s  w ere  co n n ected  t o  th e  top  o f  a s t e e l  tube f o r  tem p eratu re  
m ea su r in g  and h e a t i n g  o f  th e  sample.
The p r o c e s s  f o r  c o o l i n g  down th e  sample i s  as  f o l l o w  ; f i r s t  o f  a l l  th e  
d o u b le  w a l l e d  vacuum g l a s s  j a c k e t  and chamber must be evacu  a t e d  a t  
room te m p era tu re  fo r  one day. Then th e  o u te r  dewar of th e  c r y o s t a t  
was f i l l e d  up w i th  l i q u i d  n i t r o g e n  and th e  in n e r  dewar f i l l e d  up
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g r a d u a l l y .  A f t e r  a t  l e a s t  f i v e  hours t h e  t e m p e r a t e  of sample became 
80 K. To re a ch  th e  l i q u i d  helium  tem p eratu re  ( 4 .2  K) i t  i s  im p ortan t  
t h a t  th e  sy stem  f i r s t  be c o o le d  down to  77 .3  K and th e n  th e  l i q u i d  
n i t r o g e n  i s  blown out and r e p la c e d  by l i q u i d  h e l iu m . A sm a l l  amount 
of th e  h e l iu m  exchange gas was used  t o  speed-up th e  c o o l in g  o f  th e  
sample from room tem p eratu re  and m a in ta in  th e  sample tem p era tu re  a t  
low te m p era tu re s  (77 K or 4 . 2  K ) .
Heat l e a k  th rou gh  th e  therm ocouple  and h e a te r  w ir e s  i s  a problem. A 
good te m p era tu re  s t a b i l i t y  a t  th e  lo w e s t  tem p eratu re  r e q u ir e s  t h e  
e l i m i n a t i o n  o f  t h i s  h e a t  i n j e c t i o n  to  th e  sample, and was b e s t  done by 
therm al a n ch o r in g  o f  w ir e  b e fo r e  they reached  sample h o ld e r .
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FIG(4.4»la) A schematic drawing of the high temperature furnace.
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4 . 4 -H igh  te m p era tu re  measurement (F u rn a ce):
In  o rd er  to  s tudy p o s i t r o n  a n n i h i l a t i o n  from room tem p eratu re  up to  
th e  m e l t in g  te m p era tu re  of th e  specim en, i t  i s  n e c e s s a r y  to  d e s ig n  a 
tu b u la r  h ig h  tem p era tu re  f u r n a c e .  T h is  fu rn a ce  i s  made from a thermal  
alum inous p r o c e l a i n  tube and i s  60cm long  w i t h  a nominal b ore  of  
2.25cm  shown i n  f i g u r e ( 4 .4 .1  a) . A p ie c e  of s t a i n l e s s  s t e e l  sample  
h o ld e r ,  was a t t a c h e d  t o  t h e  end o f  th e  30cm alumona tw in  b ore  of 3mm 
d ia m ete r  to  m a in ta in  a f a i r l y  homogeneous tem p eratu re  d i s t r i b u t i o n  in  
th e  sam ple .  Aluminous p o r c e l a i n  was used  b ecau se  o f two a d v a n ta g es ,  
f i r s t l y  i t  i s  a good e l e c t r i c a l  i n s u l a t o r  but not thermal i n s u l a t o r ,  
s e c o n d ly  i t  dose  not o u tg a s  a p p r e c ia b ly  which may contam inate  th e  
sample a t  h ig h  te m p era tu re .  Both o f th e  tu b es  w ere  h e ld  by two b r a ss  
h a t s ,w h ic h  w ere  f i t t e d  by rubber "0" r i n g s .
Most m e ta l  sp ec im ens o x i d i s e  a t  h ig h  tem p eratu re ,  which may 
co n ta m in a te  th e  sam ple, by a sm a ll  amount of oxygen . T h e re fo re  i t  i s
e s s e n t i a l  to  h e a t  th e  m e ta l  under h ig h  vacuum c o n d i t i o n s  b e t t e r  than
5X10 t o r r .  As shown i n  f  i g u r e ( 4 . 4  .1 a ) , one end o f  t h e  b r a s s  h a t  was
co n n ec ted  t o  th e  h ig h  power Edwards E02 d i f f u s i o n  pump. The o th e r  end
o f  th e  b r a s s  h a t  h o ld s  t h e  alum ina tw in  b o re .  The bottom end o f  th e  
tw in  b o re  h o ld s  th e  sample h o ld e r  where th e  m easurring  j u n c t i o n  i s  
co n n ec ted  t o  th e  sample h o ld e r .  From th e  top  end of th e  tw in  b ore  th e  
ch ro m el-a lu m el th erm o co u p le ,  w ir e s  have come o u t .  The r e f e r e n c e  
j u n c t i o n  go t o  t h e  z e r o  p o in t  c o o le r  system  and th e  ou tput go t o  
DTC-2. The top  end o f  t h e  tw in  b ore  i s  open to  th e  atm osphere and 
s e a l e d  w i t h  a r a l d i t e .  Due to  t h e  h ig h  vacuum in s id e  th e  tu b e ,  th e  
tem p era tu re  s t a b i l i t y  was b e t t e r  than 0 .5K .
A h ig h  power 40 ohm n i  chrome h e a te r  w ir e  was wrapped d i r e c t l y  around  
th e  c e n t e r  zone o f th e  a lum inous p o r c e la i n  tube f o r  20Cm and co v ered  
by an i n s u l a t i n g  a s b e s t o s  l a y e r ,  p r o v id in g  a h o t  zone a t  th e  p o s i t i o n
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o f sam ple, which  can s a f e l y  go up t o  1900 C° E l e c t r i c a l  power to  th e  
h e a t e r  was p ro v id e d  by a power supply  which can be c o n t r o l l e d  by a 
d i g i t a l  tem p era tu re  c o n t r o l l e r  (DTC-2), su pp orted  by Oxford  
I n s tr u m e n ts  E x te r n a l  High Power u n i t .  The w h ole  fu rn a ce  was covered  
by 1 Cm t h i c k  aluminum e n c lo s u r e .
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C hapter V Data a n a l y s i s
5 . 1 - I n tr o d u c t io n :
The c h a r a c t e r i s t i c  change i n  th e  D oppler broadeni/^  l in e - s h a p e  of 
th e  p o s i t r o n  a n n i h i l a t i o n  i s  r e p r e s e n t in g  t h e  behaviour of th e  
p o s i t r o n  i n  m a t t e r .  I t  i s  c o n v e n ie n t  t o  in tr o d u c e  a l i n e  shape
(K
param eter to  i l l u m i n a t e  t h i s  change i n  D oppler bro^ening l i n e - s h a p e .  
The f i r s t  s u g g e s t i o n  was t h e  f u l l  w id th  o f h a l f  maximum (FWHM) o f  
511kev spectrum by M ackenzie in  196 9 .  But t h i s  parameter was found  
in c a p a b le  o f p r o v id in g  a q u a n t i t a t i v e  d e s c r i p t i o n  o f th e  p h y s ic s  
i n v o lv e d .  A f t e r  t h a t  i n  1970 M ackenzie e t  a l ,  in tro d u ced  an oth er  
param eter S, which  i s  r e l a t i n g  t o  th e  i n t e g r a t i o n  o f  th e  c e n t r a l  area  
of th e  spectrum  o v er  th e  w h o le  a rea  of th e  spectrum . I t  i s  t h e r e f o r e  
a param eter t h a t  r e l i e s  on th e  f a c t  t h a t  th e  l i n e  shape narrows as  th e  
d e f e c t  c o n c e n t r a t io n  i n c r e a s e s  r e g a r d le s s  o f  why i t  becomes narrow.  
One m o t iv a t io n  f o r  S or F p aram eters  d e f i n i t i o n  i s  t h e i r  s u p e r p o s i t io n  
p r o p e r t y .
In t h i s  work t h e  same param eter was in tro d u c ed  as  (F -p a r a m ete r ) .  
S im i la r  to  t h i s  param eter ( N -p aram eter) u sed  by S ch u ltz  e t  a l  ( 1 9 8 0 ) ,  
and t h e  param eter d e r iv e d  from th e  running I n t e g r a t e d  D i f f e r e n c e  
Curves used  by Coleman C.F 197 9 .
5 . 2 -  F and W p ara m eters:
In  low tem p era tu res  f o r  a n n ea led  sp ec im en s  i t  i s  assumed th a t  a l l  
th e  p o s i t r o n s  a n n i h i l a t e  f r e e l y  w ith  e l e c t r o n s  of th e  medium. S in ce  
th e  p o s i t r o n s  a re  trapp ed  a t  h ig h  tem p eratu re  in  d e f e c t s ,  th e  tra p p in g  
f r a c t i o n  i s  d i f f e r e n t  from th e  f r e e  a n n i h i l a t i o n  f r a c t i o n  b ecau se  th e  
d e n s i t y  o f  th e  e l e c t r o n s  becomes l e s s  a t  h ig h  tem p era tu re .  T h ere fo re  
th e  energy  d i s t r i b u t i o n  o f  th e  a n n i h i l a t i o n  v a r i e s  w i th  th e  d e n s i t y  of 
th e  d e f e c t s ,  and t h e  d e n s i t y  of th e  d e f e c t s  depends on tem p eratu re
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(Cam pbell e t  a l  1 9 7 7 ) .  As d e f e c t s  a re  c r e a te d ,  th e  511kev l i n e - s h a p e  
becomes narrow . T h is  i s  p r im a r i ly  r e f l e c t e d ,  by more a n n i h i l a t i o n s  o f  
p o s i t r o n s  w i th  f r e e  e l e c t r o n s  ( c o n d u c t io n  e l e c t r o n s )  and l e s s  w i t h  
h igh  momentum c o r e  e l e c t r o n s .  The p o s s i b l e  n arrow est l i n e  shape i s  
caused  a t  t im e of s a t u r a t i o n  tr a p p in g  (S c h u lt z  e t  a l  1 9 8 0 ) .  T h e re fo re  
i t  i s  c o n v e n ie n t  t o  d e s c r ib e  t h i s  e f f e c t  on th e  p o s i t r o n  a n n i h i l a t i o n  
d i s t r i b u t i o n  by a l i n e - s h a p e  param eter (F -p a r a m ete r ) .  As was 
m en tio n ed  ab ove , th e  F -p aram eter  i s  d e f in e d  as  th e  r a t i o  of th e  c e n t e r  
i n t e g r a t i o n  co u n t in g  r a t e  o f th e  l i n e - s h a p e  to  th e  w hole  i n t e g r a t i o n  
o f  th e  l i n e - s h a p e .  Thus a s  th e  a n n i h i l a t i o n  l i n e  becomes narrow th e  
F -p aram eter  i n c r e a s e s .  I f  we d iv id e  th e  spectrum of th e  a n n i h i l a t i o n  
l i n e  i n t o  t h r e e  r e g io n s  as  i l l u s t r a t e d  i n  f i g u r e ( 5 .2 .1  a ) , N fo r  t o t a l  
a re a ,  n f o r  c e n t e r  a rea  and n  ^ where n"'=nj+nj., fo r  th e  both w ings o f  
spectrum . Then we can d e f in e
F=n/N and W=(nj+n^ ) /N =n'/N  ( 5 . 2 . 1 )
The s tudy  of D op p ler  broad en in g  o f  a n n i h i l a t i o n  r a d i a t i o n  i n v o l v e s  
th e  d i s t r i b u t i o n  o f  p o s i t r o n  momentum, w ith  d ata  a ccu m u la t io n  
th rou gh out th e  e n t i r e  momentum ran ge . T h ere fo re  i t  i s  co n v en ien t  t o
u se  a s i m i l a r  param eter i n s t e a d  o f  th e  F-param eter which i s  c a l l e d  th e  
W—p a ram eter .  The W—param eter i s  known a s  t a i l  or w ings param eter , and 
i s  o b ta in e d  from th e  sum of th e  two sym m etrica l wings o f  th e  
a n n i h i l a t i o n  spectrum o v er  t o t a l  area  of th e  spectrum as shown in
f  i g u r e ( 3 .2 .1 a ) .
The m o d i f i c a t i o n  o f  F -param eter by c o n s id e r in g  a d i f f e r e n t  typ e  
o f  a n n i h i l a t i o n  t o  occur  w i th  freq u n cy  5  , i s  a l i n e a r  com bin ation  o f  
freq u e n c y  m u l t i p l i e d  by F o f  th e  same type  of a n n i h i l a t i o n  as
F= I f .  F. /  I f .  ( 5 . 2 . 2 )
j I I I I
where E i s  t h e  l i n e - s h a p e  param eter of each mode of a n n i h i l a t i o n  w i th
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f r e q i^ c y  f.  . S in c e  th e  v a lu e  of F=n/N=P l i e s  betw een  ze ro  and one,
0<F<1, th e  s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  F—param eter are  determ ined  by
th e  b in o m ia l  d i s t r i b u t i o n  (Cam pbell 1 9 7 9 ) .  T h e r e fo r e  we can w r i t e
n N—n
P ( n ) = N ! / ( n ! . ( N - n ) ! ) .P (1 - P )  ( 5 . 2 . 3 )
w here n=l ,2  , 3 .........................N and 0<P<1
The v a r ia n c e  i n  t h e  m easured c e n t r a l  i n t e n s i t y  n i s  g iv e n  by
V ( n ) = N .P . ( l - P )  ( 5 . 2 . 4 )
and t h e  s ta n d a rd  d e v i a t i o n  o f th e  l i n e  shape i s  c a l c u & t e d  as
3
e ( F ) = ( n . ( N - n ) / N  ) ( 5 . 2 . 5 )
For a t y p i c a l  v a lu e  of F=0.5 th e  s tan d ard  d e v i a t i o n  i s  <^(F)=0.5/ / n . 
T h is  i s  v e r y  sm all  compared w i t h  th e  r e s u l t  from th e  i n v a l i d  a d d i t i o n  
o f  in d ep en d en t  c o u n t in g  e r r o r  i n  n and N (Campbell e t  a l  1 9 7 9 ) .  The 
F -p aram eter  r e f l e c t s  th e  f r a c t i o n  o f  t o t a l  a n n i h i l a t i o n  of p o s i t r o n s  
w ith  c o n d u c t io n  e l e c t r o n s .  I t  i s  in c r e a s e d  as th e  d e f e c t s  d e n s i t y  
i n c r e a s e s  i n  a c r y s t a l l i n e  s o l i d ,  and means more p o s i t r o n s  a re  
tr a p p ed .  T h e r e fo r e  th e  incream en t i n  F-param eter i s  a s s o c i a t e d  w ith  
th e  decrem ent i n  W -param eter.
5 . 3 -Background problem:
In D op p ler  b road en in g  gamma-ray peak shape a n a l y s i s ,  any v a r i a t i o n  
i n  th e  shape of th e  a n n i h i l a t i o n  l i n e  i s  r e l a t i v e l y  sm all  but th e  l i n e  
shape p a ra m eters  w hich  a re  ch o sen  a r e  h ig h ly  s e n s i t i v e  w ith  r e s p e c t  t o  
t h e s e  v a r i a t i o n .  In such a n a l y s i s  i t  i s  ex p e c te d  t h a t  th e  u n d e r ly in g  
background o f  th e  511kev spectrum t o  be removed (C haglar  e t  a l  1 9 8 1 ) .  
The gamma—ray peaks o b ta in e d  by sem iconductor  d e t e c t o r  are  u s u a l l y  
asym m etric  and have g e n e r a l l y  a n o n - l i n e a r  u n d e r ly in g  background.
T h is  background i s  c r e a t e d ,  f i r s t l y  b eca u ce ,  o f  compton s c a t t e r i n g  o f
22
h ig h  energy  Gama-rays (1 .28M ev) o f  Na, sec o n d ly  by in co m p le te  charge  
c o l l e c t i o n  and p h o t o e l e c t r i c  e sc a p e  from th e  a c t i v e  volume of th e
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ï ’ig ( 5 * 3 * la )  A n n ih ila t io n  l i n e  shape w ith  n o n -lin e a r  part o f  the  
u n d erly in g  (e r r o r  fu n c tio n ) background.
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d e t e c t o r .
V a r io u s  a ttem p s  have  b een  made to  d e f in e  th e  u n d e r ly in g  background of  
m o n o e n e r g e t ic  gamma-rays, Kern (1970) u sed  s t e p  f u n c t i o n ,  Jorch e t  a l  
(1 9 7 6 )  u s e d  l i n e a r  or p o l in o m ia l  background. For a n n i h i l a t i o n  l i n e  
sh a p e ,  Jackman e t  a l  (1 9 7 4 )  used  t h e  f o l l o w i n g  method t o  d e f in e  th e  
u n d e r ly in g  background. F i r s t l y  a background w hich  shows a l i n e a r  
r e s p o n s  t o  en ergy  was s u b tr a c te d  from th e  com plete  a n n i h i l a t i o n  l i n e  
sh a p e .  On t h e  l e f t  hand s id e  of th e  spectrum a s t r a i g h t  l i n e  was 
f i t t e d  t o  t h e  r e g io n  from 486keV to  497keV, and t h i s  l i n e  was
e x t r a p o la t e d  t o  an energy  of 503keV w ith  p o s i t i v e  s l o p e .  S im ila r y  on 
t h e  r i g h t  hand s i d e  of th e  spectrum an oth er  s t r a i g h t  l i n e  was f i t t e d  
t o  t h e  r e g i o n  from 534keV to  542keV and was e x t r a p o la t e d  t o  an energy  
518keV. F i n a l l y  th e  e x t r a p o la t e d  l i m i t s  w ere  th en  j o in e d  by a 
s t r a i g h t  l i n e  to  g i v e  an u n d e r ly in g  background. Some p eo p le  used  
p o ly n o m ia l  background, and C haglar e t  a l  (1 9 8 1 )  u sed  e r f ( e r r o r
f u n c t i o n )  background f o r  u n d e r ly in g  background of a n n i h i l a t i o n  
sp ectru m . They found th e  l i n e  shape param eter 2 5% in c r e a s e  a f t e r
background s u b t r a c t i o n  i n  cadmium d a ta .
In  m ost e x p e r im e n ts  d a ta  w ere  c o l l e c t e d  from l i q u i d  h elium  tem p eratu re  
up t o  th e  m e l t in g  p o in t  of th e  specim en. T h r e e  d i f f e r e n t  c a s e s  a re  
d i s t i n g u  i s h e d :  a ) l i q u i d  he lium  in  th e  c r y o s t a t ,  b ) l i q u i d  n i t r o g e n  in
t h e  c r y o s t a t ,  c ) fu r n a c e  run. C on seq uently  two s p l i t s  can be observed  
i n  t h e  F -p aram eter  c a l c u l a t i o n  w ith o u t  any background s u b t r a c t i o n  from 
sp ectru m . I t  i s  n e c e s s a r y  th a t  th e  F-param eter to  be n orm alized  f o r  
t h e s e  c a s e s .  There a r e  two ways t o  s o l v e  t h i s  problem e i t h e r  by 
u s e in g  a t h i r d  o rd er  p o lyn om ia l  w i th  co n s ta n t  background, or u se  e r ro r  
f u n c t i o n  ( e r f )  w ith  c o n s ta n t  background. The e r f  background i s  
c a l c u l a t e d  by
B ( i )= H /2 [  1 - e r f  ( ( i - i o ) / f l h m ) ] + C  5 .3  .1
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where C i s  c o n s ta n t  background and i t  i s  e x t r a p o la t e d  from h igh  energy  
s id e  of spectrum  l i n e - s h a p e ,  i . e  s u b tr a c te d  from w h o le  l i n e - s h a p e ;  H 
i s  t h e  a v er a g e  o f  d i f f e r e n c e s  betw een  low energy s id e  ( l e f t )  and h ig h  
energy s id e  ( r i g h t )  o f  th e  spectrum , i  r e p r e s e n t s  th e  channel numbers, 
and 1q i s  th e  p eack  p o s i t i o n .  F i g u r e ( 5 . 3 . l a )  shows t h e  e r f  background  
o f  th e  l i n e - s h a p e  o f  cadmium specim en a t  room tem p eratu re .  The 
ad van tage  o f  th e  e r f  background o v er  p o lynom ia l background i s  t h a t  a 
sm ooth ly  cu rve  of F and W p aram eters  i s  o b t a in a b le .
5 .4 -T em peratu re  dependence on l i n e  shape p aram eters:
In  p r e v io u s  c h a p te r ,  in  tr a p p in g  model s e c t i o n ,  i t  was m entioned
t h a t  c o n s e n t r a t i o n  o f  th e  d e f e c t s  depends on t h e  tem p eratu re .  In
s e c t i o n  ( 5 . 2 )  o f  t h i s  ch a p ter  we a l s o  m entioned  t h a t  th e  F-param eter
d i r e c t l y  depends on t h e  d e n s i t y  o f  th e  d e f e c t .  T h e re fo re  i t  i s
c o n v e n ie n t  t o  say t h a t  th e  l i n e - s h a p e  param eters depend on d e f e c t
c o n c e n t r a t io n ,  and o b v io u s ly  on tem p era tu re .  The a p p l i c a t i o n  o f
tr a p p in g  model in  D oppler broaden ing  method i s  d i s c u s s e d  i n  ch a p ter  I I
e q u a t io n  ( 2 . 6 . 9 )  by assuming t h a t  two s t a t e s  o f  a n n i h i l a t i o n  i s
o cc u r ed ,  i t  can be r e w r i t t e n  a s ;
F=F .P  +F. .P. ( 5 . 4 . 1 )
f f t t
Where P and P^  a r e  p r o b a b i l i t i e s  o f  p o s i t r o n  a n n i h i l a t i o n  w ith
e l e c t r o n ,  f o r  f r e e  and trapp ed  p o s i t r o n  r e s p e c t i v e l y  where (P ^ +P ^= l),  
and F^  , F^  a r e  f r a c t i o n s  o f  th e  f r e e  p o s i t r o n  and tr a p p in g  p o s i t r o n  
a n n i h i l a t i n g  r e s p e c t i v e l y .
By s u b s t i t u t i n g  e q u a t io n s  ( 2 . 6 . 8 ) ,  and ( 2 . 5 . 1 6 )  in  ( 5 . 4 . 1 )  i t  can be 
shown t h a t ;
/k T ) .  ( 5 . 4 . 2 )
1+A,Lexp(H,P /k l)
w h e r e  A=( /A ) . E x p ( S , ^ / k ) , i n  w h i c h ,  ct i s  a n n i h i l a t i o n  r a t e
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(assumming te m p era tu re  in d ep en d en ce)  and À i s  decay r a t e  of f r e e  
p o s i t r o n .  and a re  en tropy  and en th a lp y  o f th e  monovacancy
fo r m a t io n  r e s p e c t i v e l y .  A sm a ll  l i n e a r  r i s e  was ob served  i n  
F -p aram eter  a t  low tem p era tu re  up t o  room tem p era tu re .  T his i s  due to  
therm al ex p a n s io n  o f  th e  l a t t i c e  (L ic h te n b e r g e r  e t  a l  1 9 7 4 ) ,  ( R ic e .  
Evans e t  a l  197 8 a ) .  T h e r e fo r e  i t  i s  r e a s o n a b le  t o  say th a t  th e  F and
F F
F a r e  l i n e a r y  tem p era tu re  d ep en dents  and s u b s t i t u t e  F =F (1 + /Î T) and
7v F F
F^=F^( 1 + or T) , in  e x p r e s s io n  ( 5 . 4 . 2 )  and r e w r i t e  i t  a s ,
F ° ( l+ ^ T ) + F ° ( l+ a T ) .A ^ .E x p ( -H ^ ^  /kT )
F= - E ---------------- ^ ^ ^ ----------  ( 5 . 4 . 3 )
1+A .Exp(H /kT )
I V  t y
L a ter  an anomalous tem p era tu re  dependence was o b serv ed  in  p o s i t r o n
a n n ih i la t io n  of cadmium at intermeddiate temperature. I t  was
s u g g e s te d  t h a t  t h i s  anomaly can n ot be on ly  due t o  therm al ex p a n s io n
o f  th e  l a t t i c e  (L ic h te n b e r g e r  e t  a l  1 9 7 4 ) .  Soon th e  s e l f - t r a p p i n g
modle was s u g g e s t e d  by S eeg e r  ( 1 9 7 5 ) .  By ta k in g  t h i s  e f f e c t  i n t o
account the F-parameter formola was improved to ,
P . F ° ( l +  8 T )+ F °(1 +  o;T).A .E x p ( - h E /kT)+F_, ( 1 - P j  
F = - £ _ E -------1------ÎV----------------- ÎX---------- 2^ ------------------------^  ( 5 . 4 . 4 )
1+A .Exp(H /kT )
IV IV
- 3/2 - 7
where P^=[l+B T E xp (-  E (K ^)/k T )]  , E ,B are  a lr e a d y  d e s c r ib e d  in
( 2 .6 ) .
The e x p r e s s io n  ( 5 . 4 . 1 )  can  be ex ten d ed  f o r  th r e e  s t a t e s  a n n i h i l a t i o n
phenomena. Then form ( 2 . 6 . 9 )  we have
F=F .P  +F .P  +F .P  ( 5 . 4 . 5 )
F F 7V 7v 2 v  2v
where i s  ch aracterst in g  of sa turation  trapping in  d ivacancies . By
s u b s t itu t in g  ( 2 . 5 . 1 8 ) , ( 2 . 5 . 1 9 )  and ( 2 . 5 . 1 6 ) , ( 2 . 6 . 8 )  in ( 5 . 4 . 5 )  the  
expresion w i l l  be more complet as
F °(1 + 8 T )+ F °(1 + oT ) .A .E x p ( - h F /kT )+ F ° (1+PT).D .Exp(-R E/kT)
F= -E  --- 11------- ly Iv II ------------B----- (5.4.6)
l+ A .E xp (H ^ /k T )+ D .E xp(-H F /kT )
where rF i s  d iv a ca n cy  and monovacancy b in d in g  en ergy  fo r m a tio n ,  and i t  
b •
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i s  eq u a l to  (2 hJ ^ - hJ ^ ) .  The above e x p r e s s io n s  a r e  a l s o  u s e f u l  fo r  th e  
W -parameter i n s t e a d  o f  F -p a ra m eter .
5 .5 - l i n e  shape a n a l y s i s :
The a n a l y s i s  o f  th e  gamma-ray spectrum o b ta in e d  by G e(Li) d e t e c t o r
i s  v e r y  c o m p l ic a te d .  V ar ious  f u n c t i o n s  w ere used  t o  a n a ly s e s  514keV
.  55
monoenergy gamma-ray s p e c t a  o f Sr such as Sampo program by R o u tt i  
and P r e s s i n  ( 1 9 6 9 ) ,  th e  Kernes f u n c t i o n s  in c lu d in g  s te p  f u n c t i o n  
background, and Me N e l e s s  and Campbell (1970  and 1 9 7 5 ) .  In  197 6 ,  
Jorch  and Campbell u sed  one C a u ss ia n  f u n c t i o n  to  be co n v o lu ted  w ith  a 
d i s t o r t i o n  f u n c t i o n  p lu s  one t h ir d  ord er  p o lyn om ia l and a s t e p  
f u n c t i o n  background t o  a n a ly s e  th e  s i n g l e  gamma-ray sp ectrum s.
In th e  c a se  of th e  p o s i t r o n  a n n i h i l a t i o  n l i n e - s h a p e  spectrum , th e
l i n e - s h a p e  i s  broader  than pure gamma-ray spectrum . F i g u r e ( 5 . 5 .1 a)
8 5
shows th e  d i f f e r e n c e  betw een  Sr gamma-ray and p o s i t r o n  a n n i h i l a t i o n  
l i n e - s h a p e ,  "both n o r m a l ise  to  th e  same h e ig h t " .  In p r i n c i p l e  th e  
i n f o r m a t io n  d e r iv e d  from study of Doppler broaden ing  o f  a n n i h i l a t i o n  
r a d i a t i o n  i s  th e  same as  a n g u la r  c o r r e l a t i o n  measurem ent, w ith  
r e l a t i v e l y  poor r e s o l u t i o n  (Jackman e t  a l  1 9 7 4 ) .  The o b served  
a n n i h i l a t i o n  spectrum i s  n o t  th e  tru e  d i s t r i b u t i o n  o f  th e  gamma-ray of 
th e  a n n i h i l a t i o n  r a d i a t i o n ,  but a spectrum co n v o lu ted  w i th  th e  
r e sp o n ce  f u n c t i o n  o f  th e  d e t e c t o r  system  which i s
A (E )= j  T (E ')R (E -E ')d E ' ( 5 . 5 . 1 )
Jo
where E i s  en ergy  o f r a d i a t i o n  and i t  i s  corresponded  t o  channel  
number o f th e  spectrum . The problem of how to  remove th e  f i n i t e  
sp e c tr o m e te r  r e s o l u t i o n  f u n c t i o n  from th e  ex p er im en ta l  p o in t s  i s  v er y  
d i f f i c u l t .  The f i r s t  attempFwas s u g g e s te d  by Hotz e t  a l .  He t r i e d  t o  
c o r r e c t  t h e  d e t e c t o r  r é s o l u t i o n  f u n c t i o n  by m a tr ix  e q u a t io n
S=X.R ( 5 . 5 . 2 )
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Where S i s  s y n t h e t i c  spectrum  and X i s  i d e a l  spectrum , and R i s
r e s o l u t i o n  spectrum . The s y n t h e t i c  spectrum produces th e  v a lu e  of X
as
2 2 
X = ?  ( S . - A . )  /A. ( 5 . 5 . 3 )
where A. i s  e x p e r im e n ta l  d a ta  p o i n t s .  Jackman e t  a l  (1 9 7 4 )  s u g g e s te d
c o n v o lu te d  and d e c o n v o lu te d  method. They f i r s t  s u b tr a c te d  th e
background from th e  spectrum by e x t r a p o la t io n  of two l i n e a r
background, from th e  both  s id e  o f th e  spectrum , t o  503kev on th e  l e f t
and 518kev on t h e  r i g h t  of th e  c e n t e r .  The e x t r a p o la t e d  l i m i t e d  w ere
j o i n e d  by a s t r a i g h t  l i n e .  They used th e  514keV l i n e  of *^ r^ as
r e s o l u t i o n  f u n c t i o n  d e c o n v o lu te d  from data  and compared i t  w ith  a
G a u ss ia n  and an i n v e r t e d  P a ra b o la .  In c o n v o lu t io n  method th e  a d d i t i o n
r e s u l t  o f  th e  G a u ss ia n  and an in v e r t e d  p a ra b o la  i s  f i r s t  co n v o lu ted
w i th  th e  r e s o l u t i o n  f u n c t i o n ,  and th e n  a p lu s  p loynom ia l background i s
added t o  c o n v o lu te d  r e s u l t  t o  be compared w ith  r e s p e c t  t o  e x p er im en ta l
d ata  by l e a s t - s q u a r e s  m in im iz a t io n  r o u t i n e .
R ice  Evans e t  a l  (197 8a) u sed  th e  c o n v o lu t io n  method and o b ta in e d  
t h e i r  r e s u l t  a s ;  2
r ”  I ( i - i o )
Y ( i ) =  \ Exp[-----------g -  ] . R ( i - i " ) d i ' +  [1 -----------Y  ( 5 . 5 . 4 )
where R ( i - i ^ ) i s  r e s o l u t i o n  f u n c t i o n  and i  r e p r e s e n t s  channel number. 
The program u sed  f o r  f i t t i n g  ’ o f  th e  ex p er im en ta l  p o in t s  i s  c a l l e d  
C u r f i t  i n  w h ich  th e  Nag r o u t i n e  o f  th e  l e a s t - s q u a r e s  m in im iz a t io n  
method i s  u t i l i z e d .  The C u r f i t  program i s  b r i e f l y  appended ( s e e  
append ix  I I I ) .  The e x p r e s s io n  ( 5 . 5 . 4 )  i s  s i m p l i f i e d  f o r  programs a s ;
A( i)=HgExp [ - (  i - i ( ,  ) /2Wg ] +Hp[ l - (  i- i^ ) /2 W p  ] fo r  i - i g  < 2.V^ ( 5 . 5 . 5 )
and A (i)= H g E x p [- (  i - i g  )/2Wg] fo r  i - i g  > 2.Wp ( 5 . 5 . 6 a )
or A (i)= 2 H g E x p [- (  i - ig ) /2 W g ]  fo r  i - i ^  > 2.Wp ( 5 . 5 . 6 b )
(N o te  th e  e x p r e s s io n  ( 5 . 5 . 6 b )  ta k e  from Berry and Khangi t h e s e s )
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Fig(5.5.1b) Application of the convolution technique to seperate 
the two components, parabola (dot line), Gaussian (dot-dash line) 
of the annihilation gamma-ray line in cadmium at room temperature* 
The dash line is additional of the Gaussian and parabola plus 
background and the solid line is the convolution result.
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where ^  G a u ss ia n  and p a ra b o la  h e ig h t  and w id th
r e s p e c t i v e l y .  The v a lu e  A ( i )  was th e n  c o n v o lu te d  w ith  re so lu t in < i  
f u n c t i o n  (514keV l i n e  of ^ § r ) ,  p lu s  background. The r e s u l t  i s  g iv e n  
as  ;
m
y ( i ) = ( l / N )  Z A ( i )  , R ( i - j ) + B ( i )  ( 5 . 5 . 7 )
n j=7
where N= Z R ( i ) ,  and B ( i )  i s  th e  t h i r d  order  p o lynom ia l or er ro r  
i:-n
f u n c t i o n  background. That i s  y ( i )  h as  been  compared w ith  ex p er im en ta l
d ata  p o i n t s  and th e n  m in im ized .  T h is  m in im iz a t io n  means t h a t  th e  
2
X / v  ( c h i - s q u a r e d )  sh o u ld  be equal to  one f o r  th e  b e s t  p o s s i b l e
f i t t i n g  o f  th e  d a ta .  The c h i - s q u a r e d  i s  g iv e n  by;
2 m Z
X lv  = 1 / ( M - N ) . I  ( y ( i ) - C ( i ) ) / y ( i )  ( 5 . 5 . 8 )
i=7
where C ( i )  i s  e x p e r im e n ta l  da ta  p o i n t s ,  M i s  number of th e  p o in t s  and
N i s  number of th e  v a r i a b l e  p aram eters  u sed .  The v a lu e  of c h i - s q u a r e d
u s u a l l y  l i e s  betw een  0 .9  and 1 .5  fo r  p o s i t r o n  a n n i h i l a t i o n  i n  m e ta l s
( i n  th e  c a se  o f no t r a p p i n g ) .  F i g u r e ( 5 . 5 . l b )  shows th e  r e s u l t  of
2
f i t t e d  d ata  f o r  p o s i t r o n  a n n i h i l a t i o n  i n  cadmium w ith  X / v  = 1 .2 .  The 
p a r a b o l i c  c o n t r i b u t i o n  g e n e r a l l y  shows an i n c r e a s e ,  s i m i l a r  t o  th a t  
shown by F -p a ra m eter ,  a s  t h e  tr a p p in g  p r o b a b i l i t y  i n c r e a s e s .
5 .6 -P o s i t r o n iu m  f r a c t i o n  parameter (R -param eter):
As i t  was m en t io n ed  i n  ch a p ter  t h r e e ,  th e  p o s i t r o n s  a r e  im p lan ted
a t  th e  s u r fa c e  o f s o l i d  t a r g e t s .  They are p e n e tr a te d  in  s o l i d  and
a n n i h i l a t e  i n  b u lk  or trapped  i n  d e f f e c t s  a f t e r  t h e r m a l i s a t io n .
However b e f o r e  t h i s  phenomena happens some of them may be d i f f u s e d
back  t o  th e  s u r fa c e  and bound a t  s u r fa c e  i n  image p o t e n t i a l  ( M i l l s  J r
1 9 8 3 ) ,  or l e a v e  th e  s u r fa c e  by ca p tu r in g  an e l e c t r o n  from s u r fa c e  to
form p o s it r o n iu m  ( s i n g l e t  or t r i p l e t ) .  S t c ^ s t i c a l l y  one q u a r ter  o f
bounded p o s i t r o n  i n  s i n g l e t  s t a t e  form p a ra p o s itro n iu m s  ( p P s ) ,  and
— 1Q
th e n  a n n i h i l a t e ,  in  s h o r t  t im e of about 10 seco n d s ,  t o  two
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2
gamma-ray s w i th  en ergy  o f E =mc . The o th e r  th r e e - q u a r t e r  of bounded2y  o
p o s i t r o n s  i n  t r i p l e t  s t a t e  form o r th o p o s i t r o n iu m s  ( o P s ) ,  and
a n n i h i l a t e  i n  a l o n g e r  t im e (ab ou t 140 n anosecon d) t o  th r e e  gamma-rays
2
w i t h  energy  o f E = 2 . me / 3 .  Sometimes oPs p i c k - o f f  e i t h e r  an oth er  
3 y  o
e l e c t r o n  and a n n i h i l a t e  t o  two gamma-rays w i t h  s h o r t e r  l i f e t i m e  or i t
a n n i h i l a t e s  a s  pPs by s p in  exchange p r o c e s s  ( e . g .  l i k e  p o s i t r o n
a n n i h i l a t i o n  i n  o x y g en  s e e  c h a p te r  1 2 ) .  In th e  c a se  of no p i c k - o f f  or
s p in  exchange p r o c e s s e s ,  th e  oPs a n n i h i l a t i o n  en ergy  i s  d i s t r i b u t e d
2b etw een  z e r o  and me . The m easured p hoton  en erg y  spectrum of th e s e  
p o s i t r o n s  a n n i h i l a t i n g  from th e  oPs s t a t e  i s  m arkedly  d i f f e r e n t  from 
th e  two p h o to n s  p r o c e s s  o b ta in e d  when p o s i t r o n s  decay e i t h e r  in  a 
m e ta l  or from th e  pPs s t a t e .  There a r e  s e v e r a l  manner to  d eterm in a te  
t h e  oPs f r a c t i o n ,  one o f them i s  m easuren en t o f th e  changes i n  th e  
p h o to n s  en ergy  spectrum  or t o t a l  area  o f  l i n e  shape by a s i n g l e  
d e t e c t o r  (Lynn 1 9 8 3 ) .  M i l l s . J r  and ly n n  e t  a l  in  1980 and 1984 used  
f ( T )  f o r  p o s it r o n iu m  f r a c t i o n  o f  p o s i t r o n  beams i n t e r a c t i o n  on th e  
s u r fa c e  o f th e  sp ecim en , which i s  c a l i b r a t e d  b etw een  0 and 1 .  They 
c a l i b r a t e d  f ( T )  by u s in g  h ig h  energy beam of 25keV i n t e r a c t i o n  on th e  
c o ld  s u r f a c e  of t a r g e t  f o r  z e r o  and low energy beam of a few ev fo r  
1 .  They o b serv e d  t h a t  f ( T )  i s  te m p era tu re  d ep en d en t .  In  t h i s  work a 
s i m i l a r  param eter t o  f  i s  in t r o d u c e d .  T h is  i s  ta k e n  t o  be th e  r a t i o  
o f  t o t a l  a re a  o f t h e  511keV l i n e - s h a p e  spectrum  (A ) ,  t o  t o t a l  a rea  of  
a p a r t  o f  spectrum  in  t h e  compton r e g io n  around o f  2 v ^  / 3  ( b ) .  T h is  
i s  o b ta in e d  a s
R = to ta l  a r e a ( A ) / i n t e g r a t i o n  o v er  200 c h a n n e ls  or more(B)
In  f a c t  t h e  R -param eter  i s  r e p r e s e n te d  a s  t h e  r e l a t i o n  o f  two photons  
decay t o  t h r e e  p h o to n s  decay o f oP s. The a p p l i c t i o n  o f  t h i s  parameter  
i s  c l e a r l y  shown i n  c h a p ter  n in e ,  t e n ,  and e l e v e n .
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5 . 7 - Z e r o - p o in t  m o t io n :
I t  was o b se r v e d  t h a t  by a p p ly in g  th e  c o n v o lu t io n  method in  th e
m e t a l s  l i k e  cadmium w hich  show s tr o n g  tr a p p in g  e f f e c t s ,  th e  good ness
o f  th e  f i t t i n g  ( c h i - s q u a r e d )  becom es w o r se ,  as  th e  tr a p p in g
p r o b a b i l i t y  i n c r e a s e d .  The model o f  inverted p a ra b o la  and G a u ss ia n
co n v o lu te d  w i t h  r e s o l u t i o n  f u n c t i o n  i s  a p p l i c a b l e  a t  b e s t  when d e a l in g
w i th  c o m p le t ly  a n n ea led  m e ta l  sam ples  in  w hich  p o s i t r o n s  a r e  not
tr a p p ed .  When t h e  p o s i t r o n s  become trapped  a t  v a ^ c i e s  or d i s l o c a t i o n s
in  d e f e c t i v e  sa m p les ,  th e  momentum of trapped  p o s i t r o n  w i l l  c o n t r ib u t e
s i g n i f i c a n t l y  t o  th e  momentum of a n n i h i l a t i o n  p a ir .  T his  e f f e c t  i s
p r e c i s e l y  due to  z e r o - p o i n t  k i n e t i c  energy o f p o s i t r o n  a t  trapped
p o t e n t i a l  w e l l  w h ich  i s  c r e a t e d  by d e f e c t .  S ince  th e  trapped  p o s i t r o n
c o n t r ib u t e s  a p p r e c ia b ly  to  th e  c e n t r e  of mass momentum, an e f f e c t
e x c lu d e d  i n  th e  s im p le  s u p e r p o s i t io n  o f  G u ass ian  p lu s  p a r a b o la .
T h e r e fo r e  an a d d i t i o n a l  a narrow w id th  G a u ss ia n  f u n c t i o n  was
in tr o d u c e d  i n t o  t h e  c o n v o lu t io n  p ro ced u re ,  r e f l e c t i n g  e f f e c t i v e l y  th e
z e r o - p o i n t  k i n e t i c  en ergy  o f  th e  h igh  l o c a l i z e d  trapped  p o s i t r o n
(Jackman e t  a l  1 9 7 3 ) .  T h is  employed G a u ss ia n  f u n c t i o n  w i th  w id th  ,
i s  added t o  t h e  p a r a b o la -G a u ss ia n  model and c o n v o lu te d  w i th  r e s o l u t i o n
f u n c t i o n  and t h e n  compared w i t h  e x p e r im e ta l  d a ta .  R ice  Evans e t  a l
(197 9) found th e  w id th  o f th e  respon d  ,Gaussian f o r  th e  p o s i t r o n
a n n i h i l a t i o n  i n  s i n g l e  c r y s t a l  o f  cadmium to  be cy=3.6 c h a n n e ls  ( a t  94
e v /c h a n n e l  s ) , w here th e  c h i - s q u a r e d  i s  m in im ised  a t  t h i s  p o in t
( f i g u r e ( 5 . 7 . l a ) ) . The z e r o - p o i n t  en ergy  e x p r e s s io n  i s  g iv e n  as
2 2
E =2Xcr, / m e  ( 5 . 7 . 1 )
b o
They found t h e  c o r r e sp o n d in g  z e r o - p o i n t  k i n e t i c  energy of trapped  
p o s i t r o n  t o  be E = 0 .4 e v .
In a d d i t i o n  t o  th e  improvement i n  t h e  redu ced  c h i - s q u a r e d  th e  i n i t i a l  
G a u ss ia n  becomes w id e r  but t h i s  c a u s e s  f u t h e r  narrow ing o f  th e  p a ra b o la
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and an i n c r e a s e  i n  t h e  p a ra b o la  p e r c e n ta g e .  T h is  narrow ing o f  th e  
e l e c t r o n  p a ra b o la  seems t o  i n d i c a t e  th a t  th e  co n d u c t io n  e l e c t r o n s  
d e n s i t y  and l o c a l  Fermi momentum see n  by th e  p o s i t r o n  a t  th e  tra p p in g  
s i t e  a r e  s m a l le r  th an  i n  th e  r e g io n s  o f  th e  p e r f e c t  l a t t i c e .
A cco rd in g  t o  t h e  tr a p p in g  model of p o s i t r o n  a t  h ig h  tem p eratu re  (n ear  
m e l t in g  p o in t  of th e  s p e c im e n ) .  There sh ou ld  be a s a t u r a t io p n  r e g io n  
f o r  F -p a ra m eter .  R ice  Evans e t  a l  (197 8b) c o n s id e r  th a t  a t  s a t u r a t i o n  
r e g i o n  o f  th e  F -p aram eter  of p o s i t r o n  a n n i h i l a t i o n  i n  cadmium, 100% of  
p o s i t r o n s  a r e  tra p p ed ,  and a t  low tem p eratu re  below 100 K t h e r e  i s  a 
z e r o  p e r c e n t  p o s i t r o n  trapp ed  (100% u n tr a p p e d ) .  By t h i s  c o n s id e r a t io n  
i t  i s  c o n v e n ie n t  t o  improve th e  c o n v o lu t io n  p r o c e s s  t o  a double  
c o n v o lu t io n  i n  two s t a g e s .  In th e  f i r s t  s t e p  t h e  r e s o l u t i o n  would be 
c o n v o lu te d  and i n  second  s t e p  th e  z e r o - p o i n t  energy would be 
c o n t r ib u t e d .  T h e r e fo r e  th e  new model of c o n v o lu t io n  i s  g iv e n  a s ;
[P ^ (p a ra b o la + G a u ss ia n )* g  +( 1-P^ ) (p a r a b o la + g a u s s ia n )  ]*R ( 5 . 7 . 2 )
where * means c o n v o lu t io n ,  P^  i s  den oted  as  tr a p p in g  p e r c e n ta g e  
p r o b a b i l i t y ,  g i s  a d d i t i o n a l  G au ss ian  a c c o r d in g  t o  z e r o - p o i n t  m otion ,
R i s  r e s o l u t i o n  f u n c t i o n ,  and t  and f  r e p r e s e n te d  tr a p p in g  and f r e e  
p o s i t r o n  a n n i h i l a t i o n  s t a t e  r e s p e c t i v e l y .  I f  a t h i r d  ord er  d egree  
p o ly n o m ia l  background p aram eters  i s  added t o  th e  e x p r e s s io n  above,  
th e n  a l l  t o g e t h e r  f o u r t e e n  v a r i a b l e  p aram eters  a r e  used  f o r  th e  f i t t i n g  
o f  l i n e - s h a p e .  T h is  i s  v e r y  d i f f i c u l t  t o  f i n d  a s a t i s f a c t o r y  r e s u l t .  
In  p r a c t i c e  th e  v a r i a b l e  p aram eters  c a l c u l a t e d  have m o s t ly  u n p h y s ic a l  
m eanig ( e . g .  n e g a t i v e  h e i g h t  or w id th  e t c )  when c h i - s q u a r e d  i s
s a t i s f a c t o r y .  When the reasonable parameters are obtained the
chi-squared i s  u n sa t is fa c to r y ,  which means poor minimization. The 
obvious advantage of t h i s  method, i f  applied s u c c e s s fu l ly ,  i s  that i t  
w i l l  provide a r e l ia b le  means of corre la t in g  the F-parameter curve 
with parabola percentage. However i t  can be shown how the i n t e n s i t i e s
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of th e  v a r i o u s  a n a l y t i c  f u n c t i o n  behave a s  th e  tr a p p in g  p r o b a b i l i t y  
ch a n g es ,  th u s  e s ta b l ish in g  a char act  erii>l7< of d e f e c t  in v o lv e d  i n  th e  
t r a p p in g  p r o c e s s .
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C hapter VI P o s i t r o n  a n n i h i l a t i o n  i n  deformed and a n n e a le d  cadmium
6 . 1 - I n t r o d u c t io n  and m ethod:
The a n n i h i l a t i o n  l i n e - s h a p e  p aram eters  i n  many m e ta l s  i n  e q u i l ib r iu m  
show t h a t  th e r e  a r e  two tem p era tu re  dependent r e g i o n s .  F i r s t l y  th e r e  
i s  a l i n e a r  s lo p e  a t  te m p era tu re s  below th e  va ca n cy  tr a p p in g  r e g io n ,  
and s e c o n d ly  t h e r e  i s  an e x p o n e n t ia l  in c r e a s e  i n  p o s i t r o n  tr a p p in g  i n  
va ca n cy  r e g io n .  The prevacancy e f f e c t  i s  known t o  v a ry  w id e ly  between  
m e t a l s .  But i n  cadmium m easurem ents ex ten d ed  t o  l i q u i d  n i t r o g e n  
te m p era tu re s  and below by L ic h te n b e r g e r  e t  a l  1 9 7 5 ,  Kim and Bauyer in  
1976 and R ice -E v a n s  e t  a l  1978b show a l i n e a r  r e g io n  w i th  a sharp  
s l o p e  above 230 K up t o  room te m p era tu re .
O rig in a lly  th is  e f f e c t  was thought to  be due to the thermal expansion 
of the l a t t i c e  (Me Gervey and T riftshauser  1 9 7 3 ) ,  But because i t  was 
a sharp slope above 230 K and disappeared below 200 K, Lichtenberger 
e t  a l in 197 5 suggested th at i t  could not be thermal l a t t i c e  
e x p a n s io n .  In 197 5 Seeger suggested the e f f e c t  was due to the  
a co u st ic  in te r a c t io n  of l a t t i c e  phonons with p ositrons , and was 
described as positron  se lf - tr a p p in g  (se e  sec t io n  2 , 5 ) .
A v a r ie ty  of d e fe c ts  can be probed with p os itron s .  In the event of 
100% trapping a p a rticu la r  defect  w i l l  be a ssoc ia ted  with  
c h a r a c te r is t ic  va lu es  of the l ine -sh ap e  parameter (F-parameter) m  the  
Doppler broadening measurements, and the l i f e t im e  of the positron  in  
l i f e t im e  measurements; e ,g ,  in  a deformed sample a t  low temperature 
th is  value i s  greater than in  an annealed sample at the same 
temperature. In 1967 Mackenzie e t  a l observed th at the l i f e t im e  in  
deformed aluminium was 20-30% greater  than in  annealed aluminium, 
Similary F-parameters in  deformed cadmium are greater  than in  annealed 
cadmium at low temperatures.
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Method :
Two d i s c s  o f  p o l y c r y s t a l l i n e  cadmium w i th  p u r it y  99.9999% and d iam eter  
8mm w i t h  t h i c k n e s s  4.5mm, s u p p l ie d  by Koch—l i g h t  L a b o r a to r ie s  L td ,  
w ere  u sed  t o  p rep a re  th e  specim en. The d i s c s  w ere  compressed in  a 
h y d r a u l i c  p r e s s  r e s u l t i n g  i n  an a verage  d ia m ete r  of 11.0mm and a
r e d u c t io n  i n  t h i c k n e s s  t o  2.2mm, The specim en was th e n  an nea led  a t
~6
500 K f o r  2 4  hours under vacuum b e t t e r  than 10 T orr ,  A f t e r  e t c h in g  
t h e  sp ecim en  i n  35% n i t r i c  a c i d ,  a p p ro x im a te ly  150 m ic r o - c u r ie s  of  
c a r r i e r - f r e e  NaCl s o l u t i o n  was ev a p o ra ted  d i r e c t l y  onto  c e n t r e  of 
each d i s c .  These two d i s c s  w ere  sandwiched t o g e t h e r  and th en  
e n c a p s u la t e d  i n  a wrapping o f  t h i n  aluminium f o i l .  The 
s p e c im e n - s o u r ce was a g a in  deformed by th e  h y d r a u l i c  p r e s s  a t  room 
tem p era tu re  w i th  a p p ro x im a te ly  a 21% r e d u c t io n  i n  t h i c k n e s s ,  a f t e r  
w hich  i t  was mounted i n  th e  c r y o s t a t .
A n n ih ila t ion  spectra were then recorded a t  temperature increments of 
10 K between 4 , 2  K and 409 K, with temperature s t a b i l t y  b e tter  than 
+ 0 ,1  K, A fter  th is  se t  of experiments the specimen-source was 
maintained a t  409 K for 18 hours, then cooled down to  77 K and 
returned to  the hydraulic press immersed in  a bath of the l iq u id  
n itrogen , compressed further to reduce the th ickness  by approximately 
34%, The specimen-source was mounted on the cryosta t  a t  the same 
temperature (77 K), and then the temperature was taken down to 4 . 2  K 
a f t e r  which the spectrum was recorded from 10 K to 410 K with  
increments of 10 K, The procedure for  sample mounting explained by 
A,A,Berry (1982  t h e s i s ) .  His data has been reanalysed with more 
d e ta i l  in  t h i s  chapter.
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6 . 2 - L in e - s h a p e  param eter:
The F-parameter was the r e s u l t  of in teg ra t io n  over the counting rate  
of 15 channels of the centre of the spectrum divided by the 
in te g r a t io n  over the whole area of the spectrum. The W-parameter was 
the sum of the in te g r a t io n  of two wings of the spectrum, each wing 
covering 20 channels, d ivided by the whole area of spectrum. 
I n i t i a l l y  the error function  background was sub tracted  from the  
spectrum, and i t  was found that the b e n e f i t s  of such a subtraction  
were outweighed by enhanced f lu c tu a t io n  caused by the background
subtraction . The r e s u l t  with background subtracted of positron  
a n n ih ila t io n  in  p o ly c r y s ta l l in e  cadmium i s  i l lu s t r a t e d  in  
f i g u r e ( 6 . 2 .1 ) ,  th is  f lu c tu a t io n  i s  c le a r ly  shown in  f ig u r e (6 .2 .1 ) .  
Therefore i t  was decided to  employ no background subtraction  through 
th is  study. F ig u r es (6 . 2 . 2 )  and ( 6 . 2 . 3 )  show the F and W parameters of 
the l ine-shape spectrum. The f-parameter changes about 11.8% at 80 K 
in  the deformed sample compared with the annealed one (the star  
symbole in  the f ig u r e  6 . 2 . 2 ) ,  and 5.7% change in  the deformed sample 
at room temperature ( t r ia n g le  on the curve). Deformed cadmium 
annealed out rap id ly  at about 150 K to  250 K Rice-Evans e t  a l 197 8b. 
This idea i s  a lso  supported by our data as can be seen from the curve. 
The poin ts  A,B,C on the curve wEf  ^backward (co o lin g  the sample) p o in ts  
taken immediately a f te r  101K,158K, and 219K r e sp e c t iv e ly .  
This means that the d efect  concentration  remained the same or we can 
say the defect i s  frozen  in  the specimen when i t  i s  cooled down 
suddenly. The detrapping of pos itron s  from d efec ts  shows the
r e e r y s ta l iz a t io n  of the specimen a f t e r  p la s t i c  deformation. The 
specimen was annealed above 340 K, because the point D at 80 K on the
curve has been taken immediately a f te r  348K. As can be seen from the
curve point D i s  about 5% down from the o r ig in a l  p o in t.  The behaviour
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F i g ( 6 , 2 , l )  shows the F-param eter as a fu n c t io n  o f  temperature  
o f  p o s i tr o n  a n n ih i la t io n  i n  deformed and annealed cadmium, w ith  
error fu n c t io n  background s u b tr a c te d .  Standard d e v ia t io n  o f  the  
F-param eter i s  + 0 . 0008 .
94
eu
LU
t—
LU
2 :
<
eu
c
CL
I
LU
0.38
0.36
0.34
1 1 ----------- r
rpoO 0 0 ( P
1 T-------------
- B  e  \
0
0
* *
X  A
V
*
J
__ . ___1___ -.1____:________ 1_ 1 1
0 100 200 300 400 500 600
TEMPERATURE (K)
F i g ( 6 . 2 , 2 )  shows the F-param eter as . fu n c t io n  o f  temperature  
o f  p o s i tr o n  a n n ih i la t io n  i n  p l a s t i c a l l y  deformed cadmium a t  
l i q n i d  n itr o g e n  tem perature ( c i r c l e ) ,  and a t  room temperature  
( t r i a n g l e ) ,  and annealed  cadmium ( s t a r ) ,  w ithout background 
su b tr a c te d .  The standard d e v ia t io n  o f  F-param eter i s  + o .o o o 3 .
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F i g ( 6 , 2 . 3 )  shows th e  W-parameter as fu n c t io n  o f  temperature o f  
p o s i t r o n  a n n ih i la t io n  in  deformed and annealed  cadmium, w ithout  
background su b tra c te d .  The standard d e v ia t io n  o f  the W-parameter 
i s  4- 0 . 0002 .
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o f  t h e  specim en  a f t e r  room tem p era tu re  i s  th e  same as  th e  annea led  
sp ec im e n .  The sp ec im en  th e n  kept 18 hours a t  503K, th e  sample 
c o m p le t ly  a n n ea led  a t  t h i s  te m p era tu re .  A f t e r  t h a t  th e  sample was 
c o o le d  down a g a in  t o  77 K and th e n  t o  l i q u i d  h e liu m  tem p era tu res .  
Below ' 50 K t h e  F -p a ra m eter  r i s e s  and t h i s  was a l s o  ob served  by 
H er le ch  e t  a l  in  1977 and R ice -E v a n s  e t  a l  in  197 8b. They su g g es ted  
t h i s  r i s i n g  o c c u r s  b eca u se  th e  p o s i t r o n s  a re  trapped  " in  sh a llo w  deep" 
by g r a i n  b o u n d r ie s  and therm al d e tr a p p in g  o c c u r s .  A part from th e  low 
tem p era tu re  ra n g e ,  above 50 K th e  F -p aram eter  i s  f l a t  up to  150 K, and 
from 150 K t o  230 K r i s e s  l i n e a r l y  b eca u se  of th e  therm al exp an s ion  of 
th e  l a t t i c e .  From 230 K tO 350 K i t  r i s e s  w i th  a sharp s lo p e  and i t  
was o b serv e d  a l s o  by L ic h te n b r g e r  e t  a l  in  197 5 ,  Kim and Bauyer 1976 
and R ic e -E v a n s  e t  a l  in  197 8b. Above 3 50 K t h e r e  i s  an e x p o n e n t ia l  
i n c r e a s e  b eca u se  o f  th e  c r e a t i o n  o f  v a c a n c i e s  i n  th e  specim en and 
e f f e c t  o f  tr a p p in g  o f  p o s i t r o n s  i n  t h e  v a c a n c i e s .  A S a tu r a t io n  e f f e c t  
was o b se r v e d  n ear  th e  m e l t in g  tem p era tu re  of cadmium t h a t  su g g e s te d  
t h e  p o s i t r o n s  w ere  tra p p ed  i n  m o n o v a ca n c ies  (100% t r a p p i n g ) .
6 . 3 -L in e - s h a p e  param eter a n a l y s i s :
On t h e  b a s i s  o f  th e  t r a p p in g  model th e  l i n e - s h a p e  param eter data  
from t h i s  s tudy was a n a ly s e d  i n  term s o f  th e  . th r e e  d i f f e r e n t  models a s :
(a )T h e  " l i n e a r  r i s e "  m odel w i th  a^=0 and /ink) in  e q u a t io n  ( 5 . 4 . 3 )
(b )T h e  " s e l f - t r a c i n g "  model w i th  or =Q and j3=0 in  e q u a t io n  ( 5 . 4 . 4 )
(c )T h e  " th r ee  s t a t e s "  model w i th  « = 0  and /î=0 V=0 in  e q u a t io n  
( 5 . 4 . 6 )
Each ca se  was f i t t e d  t o  th e  d a ta  by means o f  a l e a s t  square
m in im iz a t io n  r o u t i n e .  The r e s u l t  of t h e s e  th r e e  c a s e s  in c lu d in g  ca se
b w hich  a p p l ie d  t o  t h e  W—param eter d a ta  (b w ) , i s  shown in
t a b l e ( 6 . 3 . 1 a ) .  The v a lu e  o f E th e  en th a lp y  (e n e r g y  fo r m a tio n  o f
IV
91
0 .39
.380
c r
LU
ULJ .370
C l
. 360
LL
-350
.340
.330
300 400 5000 100 200 600
TE MP E R A T U R E  (K)
Fig(6*3.1) Theoretical fitting to the F-parameter for the annealed 
specimen of cadmium. The dash and the solid lines correspond to the 
cases where Is taken linearly to rise with temperature, and to fit 
S e e g e r ' s  self-trapping model, respectively.
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Fig(6.3.3) The d iv a c a n c ie s  f i t t i n g  to  F-param eter f o r  the annealed  
specimen o f  cadmium.
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monovacancy) was i n  good agreem ent w i t h  th e  v a lu e  found by S igh  and
West 1976 i n  l i f e t i m e  m easurem ents = ( 0 . 5 2 + 0 . 0 5 ) e v .  The v a lu e  i s  f a r
1v
from th e  v a lu e  w hich  has been  found by Jackman e t  a l  197 3 and S egeer  
1 9 7 4 ,  ( 0 . 4 0 + 0 .02 )eV  and ( 0 . 3 9 + 0 .0 3 )eV  r e s p e c t i v e l y .  The b e s t
c h i - s q u a r e  v a lu e  on th e  f i t t i n g  o f  our d ata  was i n  c a s e s  (b )  and ( c )  
w ith  H = ( 0 .4 7 + 0 . 04)eV  and ( 0 . 5 1 + 0 .03 )eV  i n  good agreement w i th  o th er  
groups ( s i g h  and W est, Conners e t  a l  1 9 7 1 ) .  The r e s u l t  of f i t t i n g  or  
( a )  and (b )  c a s e s  i s  i l l u s t r a t e d  i n  f i g u r e ( 6 . 3 . 1 ) ,  where th e  s o l i d  
l i n e  r e p r e s e n t s  s e l f - t r a p p i n g  model and dashed l i n e  r e p r e s e n t s  l i n e a r  
r i s  mode f. The (bw) and ( c )  c a s e s  a r e  a l s o  p l o t t e d  and a re
i l l u s t r a t e d  i n  f i g u r e s ( 6 . 3 . 2 )  and ( 6 . 3 . 3 )  r e s p e c t i v e l y .  H erlach  e t  a l  
i n  1977 found t h e  l i f e t i m e  o f a n n i h i l a t i o n  o f  f r e e  p o s i t r o n s  in  
cadmium to  be 190 P ic o s e c o n d  and Hood and McKee i n  1978 re p o r te d  th e
. k  w
p o s i t r o n  a n n i h i l a t i o n  r a t e  i n /m e t a l  As 5X10 S . By u s in g  t h i s  v a lu e
and our r e s u l t  th e  c o n c e n t r a t io n  o f  m on ovacan cies  has been  c a l c u l a t e d
—^f o r  th e  t h r e e  c a s e s  a s  ( 3 . 1 3 , 3 . 9 3  and 18 .0 )X 1 0  a t  590 K r e s p e c t i v e l y .  
Then th e  e n t r o p i e s  can a l s o  be found f o r  t h e s e  c a s e s  0 .9 8 k ,  1 .4 k  and
3 .7 k  r e s p e c t i v e l y ,  where k i s  B o l t  zman c o n s ta n t .
The v a lu e  a s s o c i a t e d  w ith  th e  s e l f - t r a p p i n g  f i t  i n d i c a t e s  th a t  th e  
t r a p p in g  dep th  of th e  p o s i t r o n  s e l f - t r a p p i n g  i s  deeper than  
monovacancy tr a p p in g ,  and i t  i s  i n c o n s i s t e n t  w i th  th e  i n t e r p r e t a t i o n  
o f  s e l f - t r a p p i n g  a t  in t e r m e d ia t e  te m p era tu re s .  T h ere fo re  i t  i s  
co n c lu d ed  t h a t  t h i s  f i t  i s  n o t  p h y s i c a l l y  m e a n in g fu l .  W hile i n  case  
of W -parameter f i t t i n g  t h i s  (Wg^ v a lu e  i s  r e s o n a b le  a p a r t  from th e  
c h i - s q u a r e  v a l u e .  Our r e s u l t s  show th a t  about 97% o f p o s i t r o n s  a r e  
tra p p ed  a t  590 K i n  ca se  (a )  and 99% in  t h e  o th e r  c a s e s .
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6 . 4 - L in e - s h a p e  a n a l y s i s :
The l in e -sh a p es  of the a n n ih i la t io n  spectrum for both annealed and
deformed p o lycryS ta lin e  cadmium, were f i t t e d  with Gaussian and an
i n v e r t e d  p a r a b o la  e q u a t io n s  ( 5 . 5 . 5 )  w ith  ( 5 . 5 . 6 b )  a f t e r  con volut ion
with instrumental r e so lu t io n  function , by a l e a s t  square minimization
r o u t i n e  i n  t h e  C u r f i t  program ( s e e  a p pend ix  I I I ) .  The r e s u l t  of
f i t t i n g  f o r  one spectrum  i s  i l l u s t r a t e d  i n  f i g u r e ( 6 .4 .1  a ) . The r e s u l t
o f  th e  deformed sam ple a t  77 K i s  shown i n  f i g u r e s ( 6 . 4 . 1 )  and ( 6 . 4 . 2 ) .
I t  i s  shown th at the Gaussian width i s  increased from 1 9 .5  channels a t
100 K t o  2 2 .6  a t  3 00 K, w ith  a p p ro x im a te ly  one channel change in
p a ra b o la  w id t h .  The p a ra b o la  p e r c e n ta g e  i s  68.3% a t  80 K and d e c l i n e s
t o  58.5% a t  300  K and th e n  i n c r e a s e s .  T his  s a t i s f i e s  th e
c o r r e la t io n  between the parabola percentage and F-parameter. In the
ca se  o f th e  deformed sample a t  room tem p eratu re  th e  r e s u l t  o f  th e
spectrum  a n a l y s i s  i s  i l l u s t r a t e d  i n  f i g u r e s ( 6 . 4 . 3 )  and ( 6 . 4 . 4 ) .  As 
b f
can ^ seen  th e  G a u ss ia n  w id th  changes from ch a n n e ls  2 1 .5  a t  80 K t o  2 2 .4
c h a n n e ls  a t  300  K, and th e  p a ra b o la  p e r c e n ta g e  from 63.6% to  58.6% at
300 K. The p a ra b o la  p e r c e n ta g e  i n  deformed sample i s  n o t  i n  good  
agremment w i t h  Jackman e t  a l  1 9 7 3 .
The f i t t i n g  o f  th e  a n n e a le d  cadmium has been  shown in  f  igur e s ( 6 . 4 .5  ) 
and ( 6 . 4 . 6 ) .  The G a u ss ia n  w id th  i s  s i l g h t l y  f l a t  arround 23 .0  
c h a n n e ls  up t o  330  K, but above  330  K d e c r e a s e  to  1 9 .3  c h a n n e ls  and 
t h i s  i s  i n  good a greem et to  show t h a t  th e  tra p p in g  o f  p o s i t r o n s  i n
v a c a n c i e s  by th e  narrow ing t h e  l i n e - s h a p e  spectrum . The p a ra b o la
p e r c e n ta g e  a l s o  i n c r e a s e d  from 57% a t  100 K t o  59% a t  room tem p eratu re  
(300  K) and i n c r e a s e s  t o  65% a t  near th e  m e l t in g  p o in t .  The 
p e r c e n ta g e  o f th e  p a ra b o la  was n o t  in  good agreement w i th  C hagler  
1 9 7 8 ,  and Khangi i n  1 9 8 0 ,  and a l s o  w i t h  Jackman e t  a l  1 9 7 4 ,  1 9 7 3 .
They found 38% or 40% a t  77K r e s p e c t i v l e y . The average  of th e
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F i g ( 6 , i f . l )  The v a r ia t io n  o f  the  width parameters o f  th e  Gaussian  
and th e  p a r a b o l ic  components w ith  temperature fo r  deformed 
cadmium a t  77 K.
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F ig(6* /f*2) The v a r ia t io n  o f  the p a r a b o lic  percen tage  w ith  temperature  
i n  deformed cadmium a t  77 K. The standard d e v ia t io n  i s  e st im a ted  to  
be + 1 ,6
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p a r a b o la  w id th  was 1 6 .4  ch a n n e ls  w h ich  i s  about two ch a n n e ls  g r e a t e r  
th an  th e  v a l u e  r e p o r t e d  by C h ag ler  and Khangi.
B ecause  th e  i n v e r t e d  p a r a b o la  r e p r e s e n t s  th e  a n n i h i l a t i o n  o f  p o s i t r o n s  
w it h  f r e e  e l e c t r o n s  t h e n  th e  p a r a b o la  w id th  i s  p r o p o r t io n a l  to  th e  
Fermi energy o f  t h e  e l e c t r o n ,  and t h i s  p r o p o r t i o n a l i t y  i s  g iv e n  by th e  
r e l a t i o n  below
2 2 2 
E = 1 / 2 . muV =4cr /m c 
F u p p' o
Thus th e  Fermi energy o f th e  cadmium was c a l c u l a t e d  t o  be about 9 .1eV  
and t h i s  i s  30% g r e a t e r  than  v a lu e  r e p o r te d  by Jackman e t  a l  1 9 7 4 .  
The d isa g r e e m e n t  o f  th e  l i n e - s h a p e  spectrum  a n a l y s i s  w i th  o th er  
groups was found b eca u se  th e  n c o r r e c t  e x p r e s s io n  was used  ( 5 . 5 . 6 b ) ,  
w hich i s  w r i t t e n  i n  Khangi and B erry t h e s e s  1980, and 1982 
r e s p e c t i v e l y .  T h e r e fo r e  some of th e  spectrum s w ere a l s o  ch osen  and 
f i t t e d  a g a in  w i t h  e x p r e s s io n  ( 5 . 5 . 5 )  and ( 5 . 5 . 6 a ) .  The r e s u l t  o f  
p a r a b o la  p e r c e n ta g e  change from 3 8% a t  100 K t o  46% a t  m e l t in g  p o in t  
(509  K) which i s  i n  good agreem ent w i th  th e  r e s u l t s  o f  o th e r s  groups  
w ere m en t io n ed  ab ove . The G a u ss ia n  w id th  was th e  same as  above  
a n a l y s i s  but p a ra b o la  w id th  was found 14 .7  a t  100 K to  1 4 .9  a t  580 K, 
(}n a v er a g e  th e  p a ra b o la  w id th  was o b serv e d  n o t  tem p eratu re  dependence  
and about 1 4 .8  ch a n n e ls  t h a t  g i v e s  us t h e  Fermi energy 7 . 5 4 e v .  Where 
t h i s  v a lu e  i s  i n  agreem ent w i th  v a lu e  7 .4eV c a l c u l a t e d  by A shcrof  
and Mermim 1976 and K i t t e l  1 9 7 6 .  T h e r e fo r e  i t  proVtC th a t  e x p r e s s io n  
( 5 . 5 . 6 b )  i s  n o t  r i g h t ,  in  f a c t  f a c t o r  2 in f r o n t  of th e  G a u ss ia n  
e x p r e s s io n  was n o t  n e c e s s a r y .  The C h i-sq u a r e  of th e  d eg ree  o f freedom  
v e r s u s  tem p era tu re  i n  t h e  c a s e  o f th e  a n n ea led  sample i s  shown i n  
f i g u r e ( 6 . 4 . 7 ) .  As c a n / s e e n  th e  v a lu e  o f  c h i - s q u a r e  i s  a p p ro x im a te ly  
f l a t  up t o  room tem p era tu re  w hich  i s  ro u g h ly  arround 1 .2  to  1 . 3 ,  and 
t h i s  v a lu e  i n c r e a s e s  t o  2 . 4  a t  n ear  m e l t in g  p o in t  ( 5 0 9 ) .  T h is  
i n c r e a s e  i n  c h i - s q u a r e  s u g g e s t e d  b e c a s e  th e  z e r o - p o i n t  m o t io n  o f  th e
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F ig ( 6 * 4 .3 )  The v a r ia t io n  o f  th e  width param eters as  fu n c t io n  
o f  tem perature fo r  deformed cadmium a t  room temperature*
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Fig(6,4.4) T h e  variation of the parabolic intensity as function 
of temperature for deformed cadmium at room temperature. T h e  
standared deviation is estimated -f
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Fig(6.4.5) The variation of the width parameters of the Gaussian 
and the Parabolic for annealed specimen cadmium, with temperature.
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F i g ( 6 .if*6 ) The v a r ia t io n  o f  th e  p a r a b o l ic  percentage  as a fu n c t io n  
o f  tem perature f o r  ann ealed  specim en o f  cadmium. The standard d e v i­
a t io n  i s  e s t im a ted  as + 1 . 6%^
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Fig(6*4.7) T he variation of the chi-squared (X /v ) as a function 
of temperature for annealed cadmium.
I l l
p o s i t r o n  tra p p ed  i n  v a c a n c i e s  or d i s l o c a t i o n  e t c .
6 . 5 - Z e r o - p o in t  m o t io n :
The n a tu r e  o f a p a r t i c u l a r  d e f e c t  may be d e s c r ib e d  by th e  tr a p p in g  
o f  a pos'tron  i n  a p o t e n t i a l  w e l l  w hich  w i l l  have a p h y s i c a l  s i z e  and 
c e r t a i n  d e p th .  The w a v e fu n c t io n  o f  th e  p o s i t r o n  i s  l o c a l i z e d  i n  th e  
v i c i n i t y  o f t h e  d e f e c t  and c o n s e q u e n t ly  a z e r o - p o i n t  k i n e t i c  energy i s  
e x p e c te d  (R ic e -E v a n s  e t  a l  1 9 8 1 ) .  They found th e  c h i - s q u a r e  w i l l  be 
m in im ised  w i t h  r e s p e c t  t o  which  i s  t h e  w id th  of th e  e x t r a  G au ss ian  
a d d i t i o n  t o  t h e  c o n v o lu t io n  e x p r e s s io n .  They found t h i s  v a lu e  to  be 
<^=3.8 fo r  s i n g l e  c r y s t a l  cadmium, and t h e  z e r o - p o i n t  k i n e t i c  energy  
o f p o s i t r o n  a t  tr a p p in g  s t a t e  to  be 0 . 4 e v .
The i n c r e a s i n g  v a lu e  o f th e  c h i - s q u a r e  a t  h igh  tem p eratu re
Ç-f i g u r e ( 6 . 4 . 7 )  " in  th e  tr a p p in g  o f  p o s i t r o n  i n  monovacany reg io n "  i s
b eca u se  th e  z e r o  k i n e t i c  en ergy  of th e  j p o s i t r o n  trapp ed iw as ig n o r ed  i t  
means c^=0. W hile  t h i s  i s  n o t  z e r o  t h e r e f o r e  th e  c h i - s q u a r e  w i l l  be 
m in im ised  by ch o s in g  t h e  v a lu e  of oj^=4, f  igu r  e s ( 6 .5 .1 ) and ( 6 . 5 . 2 )  fo r  
th e  a n n e a le d  sam ple a t  d i f f e r e n t  te m p era tu re s .
I t  i s  c l e a r l y  ob serv ed  t h a t  th e  c h i - s q u r e d  m in im ised  a t (^=4.0 as Was 
found by B err y .  The c h i - s q u a r e  i s  a l s o  m in im ised  a t  th e  same v a lu e  of 
fo r  deformed cadmium ( a t  77 K) s e e  f  i g u r e ( 6 .5 .3 ) fo r  two spectrum s
a t  same te m p era tr e .  The k i n e t i c  energy  o f th e  p o s i t r o n  a t  tra p p in g
M
f o r  p o l y c r s t a l l i n e  cadmium i s  0 . 5 5 e v . I t  i s  i n  good agreement w ith  
0 .4 eV  from th e  s i n g l e  c r y s t a l  cadmium r e s u l t s  t h a t  have been r e p o r te d
by R ice -E v a n s  e t  a l  1 9 7 8 .
6 .6 - C o n c lu s io n :
From th e  r e s u l t  o f  F -p aram eter  v e r s u s  te m p era tu re  i t  i s  concu lded
t h a t  th e  l i n e - s h a p e  spectrum  of p o s i t r o n  a n n i h i l a t i o n  i n  th e
p o l y c r y s t a l l i n e  cadmium i s  tem p era tu re  d ep en dent .  In th e  ca se  of
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F i g ( 6 * 5 . 1 )  The v a r i a t i o n  o f  t h e  re<duced c h i - s q u a r e d  w i t h  p o s i t r o n  
G au ss ian  w i d t h  i n  a n n e a l e d  cadmium a t  d i f f e r e n t  t e m p e r a t u r e s .
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F i g ( 6 . 5 . 2 )  The v a r i a t i o n  o f  t h e  r e d u c ed  c h i - s q u a r e d  w i t h  p o s i t r o n  
G a u s s ia n  w id th  i n  a n n e a l e d  cadmium.
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deform ed cadmium a t  (77  K) t h e  F -p aram eter  was about t o  be 2% g r e a t e r  
th an  t h e  a n n e a le d  sam ple a t  near m e l t in g  p o in t ,  t h a t  may be due to  
f r o z e n  d i s l o c a t i o n s ,  p r o d u c t io n  o f  30% r e d u c t io n  i n  t h i c k n e s s ,  which  
was a l s o  o b s e r v e d  i n  deformed aluminuum. The r e c r y s t a l l i z a t i o n  o f  th e  
deform ed cadmium was o b serv ed  more c l e a r l y  i n  t h i s  s tu d y ,  and i t  
o c c u r s  r a p i d l y  b etw een  150 K and 250 K a s  i s  r e p o r te d  by R ice -E v a n s  e t  
a l  i n  1 9 7 8 .  The a n n e a l in g  te m p era tu re  of th e  sample i s  350 K and 
above t h i s  tern p e r a t u r e  v a c a n c i e s  w i l l  be c r e a te d  and p o s i t r o n s  w i l l  
be tr a p p ed .  The t r a p p in g  o f  p o s i t r o n s  i n  monovacanc i e s  and p o s s i b l y  
d iv a c a n c i e s  w ere  .o b ser v ed  and i t  was i n  good agreem ent w i th  
L ic h te n b e r g e r  e t  a l  (197 5 ) .  A part from low tem p eratu re  (below  50 K) 
t h e  l i n e - s h a p e  param eter i s  f l a t  up t o  150 K and i t  s t a r t e d  to  r i s e  
l i n e a ^  w ith  sm a ll  s l o p e  b ecau se  o f  therm al l a t t i c e  e x p a n s io n ,  and 
th e n  from 230 K i t  i n c r e a s e s  by a sharp s lo p e  to  3 50 K (p rev a ca n cy  
r e g io n )  b e c a u s e  o f s e l f - t r a p p i n g  o f  th e  p o s i t r o n s  (S e g e e r  A. 1 9 7 6 ) .  
The s a t u r a t i o n  a t  h ig h  tem p eratu re  s u g g e s te d  t h a t  100% o f  th e  
p o s i t r o n s  w e re  trap p ed .
The anom alous b eh a v io u r  below 50 K i s  o b v io u s  s in c e  t h i s  e f f e c t  a l s o  
was o b s e r v e d  by o th e r  groups (H er lach  e t  a l  1977 and Kupca e t  a l  
1 9 8 0 ) .  But t h i s  e f f e c t  was a l s o  o b serv e d  i n  z i n c  and g o ld  a s  w e l l  by 
(R ic e -E v a n s  e t  a l  1978)an d  (H er lach  e t  a l  1 9 7 7 ) .  H erlach  s u g g e s te d  
t h a t  d u r in g  t h e  s iow in g-d ow n  p r o c e s s ,  p o s i t r o n  r e j e c t e d  from th e  
sample v i a  c r y s t a l l o g r a p h i c  d i r e c t i o n  and a n n i h i l a t e  w i th  h elium  gas  
or on th e  s u r fa c e  o f th e  sam ple. But Kapce e t  a l  c la im ed  i n  t h e i r  
l i f e t i m e  measurement t h a t ,  t h e  l i f e t i m e  of p o s i t r o n  a n n i h i l a t i o n  i n  
p o l y c r y s t a l l i n e  cadmium a t  low tem p era tu res  ( 4 .2  K) i s  230 p s e c  w h ich  
i s  s i m i l a r  to  th e  p o s i t r o n  l i f e t i m e  i n  deep t r a p s  • They p r e f e r  an 
e x p l a n a t i o n  t h a t  i n v o l v e s  i n d i r e c t  tr a p p in g  i n t o  deep tr a p s  v i a  
sh a l lo w  t r a p s ,  g r a i n  b o u n d a r ie s ,  th e n  therm al d e tr a p p in g  w i l l  o cc u r .
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F i g ( 6 . 5 , 3 )  The v a r i a t i o n  o f  t h e  r e d u ced  c h i - s q u a r e d  w i th  p o s i t r o n  
G a u ss ia n  w id th  i n  a n n e a l e d  and deformed specimen o f  cadmium a t  ve ry  
low t e m p e r a t u r e .
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T h is  e f f e c t  h as  b een  n o t  o b serv e d  i n  t h e  s i n g l e  c r y s t a l  cadmium and 
z in cC p . R ice -E v a n s  e t  a l  1 9 7 9 ) .
The energy  fo r m a t io n  o f  m on ovacan cies  i s  a l s o  c a l c u l a t e d  f o r  th r e e  
d i f f e r e n t  t h e o r i e s  w ere  (a )  l f^ = (0 .4 6 ± 0 .0 3 )e V ,  (b )  B ^ ^ (0 .4 7 ± 0 .0 4 )e V ,
( c )  H ^=(0.5 1 + 0 .0 3 )eV  w hich  a re  i n  good agreem ent w i th  S iagh  and West 
1 9 7 6 ,  Conner e t  a l  1 9 7 1 .  The p a ra b o la  p e rc en ta g e  and Fermi energy in  
th e  f i r s t  t r y  o f  f i t t i n g  th e  l i n e - s h a p e  spectrum was n ot  i n  good  
agreem ent w i th  o th e r  groups b eca u se  th e  e x p r e s io n  ( 5 . 5 . 6 b )  was n o t  
c o r r e c t  w h ich  i s  w r i t t e n  i n  th e  Berry and Khangi t h e s e s  ( 1 9 8 2 ,1 9 8 0 ) .  
But t h e  r e s u l t  of p a r a b o la  p e r c e n ta g e  and Fermi energy was i n  good  
agreem ent w i t h  r e s p e c t  t o  o th e r  groups when e x p r e s s io n  ( 5 . 5 . 5 )  w ith  
( 5 . 5 .6 a ) w a s  u sed .  The model of tr a p p in g  e x p r e s s io n  ( 5 . 7 . 2 )  a l s o  t r i e d  
t o  f i t  th e  spectrum  l i n e - s h a p e  but th e  r e s u l t  was p h y s i c a l l y  
m e a n in g le s s  when c h i - s q u r a r e  was good and when th e  r e s u l t  was 
p h y s i c a l l y  m ea n in g fu l  c h i - s q u a r e  was found to  be w orse  (no  
m i n i m i z a t i o n ) .
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Chapter V II  P o s i t r o n  a n n i h i l a t i o n  i n  a n n e a le d  and deformed  
p o l y c r y s t a l l i n e  T in
7 . 1 - I n t r o d u c t i o n  and method  
Much work h a s  r e c e n t l y  been  done to  i n v e s t i g a t e  vacancy fo r m a t io n  in  
m e t a l s .  The r e s u l t i n g  D oppler broaden ing  l i n e - s h a p e  of th e  
a n n i h i l a t i o n  p r o c e s s  i s  v e r y  s e n s i t i v e  to  p o s i t r o n  tr a p p in g  a t  
v a c a n c i e s ,  d i s l o c a t i o n s ,  and v o i d s .  Trapping o f  th e  p o s i t r o n  in  
v a c a n c i e s  h a v e  been  o b se r v e d  f o r  many m e ta l s  such as In , Au, Cd, e t c .  
(R ic e -E v a n s  e t  a l  1 9 7 8 b ) ,  (Kusmiv and S tew a r t  1 9 6 7 ) ,  and (Makenzie e t  
a l  1 9 6 4 ) .
S eeg e r  (1 9 7 3 )  c la im e d  t h a t  p o s i t r o n  tr a p p in g  i n  a m eta l near th e
m e l t in g  p o in t  te m p era tu re ,  depends on th r e e  f a c t o r s ,  namely
monovacancy fo r m a t io n  vo lum e, v a la n c e  e l e c t r o n ,  and th e  s i z e  o f  th e
i o n s  c o r e s .  He m en t io n ed  t h a t  th e  r e a s o n  why tra p p in g  o f p o s i t r o n s
was n o t  o b serv e d  i n  t h e  a l k a l i  m e t a l s ,  was b ecause of narrow io n
c o r e s ,  u n i t y  v a la n c e ,  and s m a l l  monovacancy fo rm a tio n  volum e.
The in v e s t ig a t io n  of the positron  a n n ih i la t io n  in  t in  (w h ite - t in )  has
already been measured by many groups (Badoux e t  a l 196 7 ,  Dedoussis e t
a l  1 9 7 7 ,  Mackenzie e t  a l 1 9 8 0 ,  and Puff e t  a l  1 9 8 3 ) .  Dedoussis e t  al
in  1977 s u g g e s t e d  by t h e i r  m easurem ents ( l i f e t i m e  and Doppler
b ro a d en in g )  o f  p o s i t r o n  a n n i h i l a t i o n  i n  t i n ,  th a t  th e  t h r e s h o ld
te m p era tu re  o f  a n n i h i l a t i o n  a t  a vaca^y s i t e  i s  390 K. B a lz e r  and
Sigvaldaron ca lcu la ted  that the vacancy concentration in  t in  a t  the
—5
m elting  p o int i s  l e s s  than 3X10 , using a thermal expansion  
experiment. Seger et  a l in 1980 observed a very small change in  
l ine -sh ap e  parameter, (about 2 .1% ), in  the temperature range of 10 K 
to  490 K. But non of them observed the tr a n s it io n  of the t in  c le a r ly  
in  t h e ir  measurements. In 1983 Puff e t  a l mentioned that the increase
l i s
in  th e  mean l i f e t i m e  o f  th e  p o s i t r o n  i n  t i n  above 230  K was due to  
therm al l a t t i c e  e x p a n s io n .  In  a d d i t i o n  th ey  m entioned  a t r a n s i t i o n  i n  
t i n  a t  230  K.
Method:
In  th e  p r e s e n t  work we o b serv e d  no s ig n  o f  th e  t r a n s i t i o n  o f  w h i t e  t i n
t o  gray t i n  (and v i c e  v e r s a )  in  th e  a n n ea led  sam ple, but i t  was
o b s e r v e d  in^deform ed  sp ec im en .  The a n n e a le d  specim en  was made by two
p i e c e s  o f  99.999% p u r i t y  t i n  w i th  d im en sio n s  15Xl5Xlmm spark e r u s i o n
cu t from a rod  s u p p l i e d  by K och-L ight L a b o r a to r ie s  L td . The two
p i e c e s  a r e  e tc h e d  i n  a m ix tu r e  o f n i t r i c  a c id  and a l c o h o l .
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a p p r o x im a te ly  0 .1  mCi o f c a r r i e r - f r e e  NaCl s o l u t i o n  was ev a p o ra ted
d i r e c t l y  on t h e  c e n t r a l  r e g io n  o f  th e  s u r f a c e s .  TA^  p i e c e s  w ere th en
a rran ged  i n  a sandwhich c o n f i g u r a t i o n  and e n c a p s u la te d  i n  a w rapping
o f  t h i n  alum inium  f o i l .  The specimenr-source was th e n  mounted i n
—6
fu r n a c e  under vacuum ( o f  l e s s  th a n  10 t o r r ) , and su b s e q u e n t ly  an nea led
a t  a tem p era tu re  of 450 K f o r  1 5 h o u rs .  The s p ec im e n -so u rce was c o o le d
down to  roan  tem p era tu re  and th e n  mounted i n  th e  c r y o s t a t  w hich  was
c o o le d  down t o  l i q u i d  n i t r o g e n  tem p era tu re ,  and th e n  down t o  4 .2  K i n
—6
a vacuum b e t t e r  than 10 t o r r .  A f t e r  a s t a b l e  e q u i l ib r iu m  tem p eratu re  
was a c h e iv e d ,  da ta  was accum ulated  from 4 .2  K t o  500 K w i th  a 
tem p era tu re  in crea m en t o f  10 K. The p r e p a r a t io n  p r o c e s s e s  w ere  
preform ed by Khangi.
7 .2 - L in e - s h a p e  param eter:
The F -p a ra m eter  was c a l c u l a t e d  a f t e r  erro r  f u n c t i o n  background was 
s u b t r a c te d  ( a s  was m en tion ed  i n  ch a p ter  f i v e ) .  F i g u r e ( 7 . 2 . 1 )  
i l l u s t r a t e s  t h e  F—p aram eter v a r i a t i o n  a s  a f u n c t i o n  o f  tem p era tu re .  
I t  ap p ea rs  f l a t  t o  above 220 K and th e n  r i s e s  w i t h  a sm all  s lo p e  above  
room te m p era tu re ,  3 90 K, due to  therm al ex p a n s io n .  From 3 90 K i t
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F i g ( 7 . 2 . 1 )  The v a r i a t i p n  o f  t h e  F p a r a m e t e r  a s  a f u n c t i o n  o f  
t e m p e r a t u r e  f o r  a n n e a ld  t i n ,  t h e  s o l i d u l i n e  r e s u l t i n g  of  th e  
s e l f - t r a p p i n g  model case  ( b ) ,  and dash  l i n e  o f  l i n e a r  r i s e  
model c a s e  ( a ) .  The s t a n d a r d  d e v i a t i o n  o f  F i s  f  0 ,0 004 .
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in creases  w ith  sharp s lop e  to 500 K near the m elting po in t,  a t  which 
point sa tu ra t io n  was not in d ica ted  as was observed in  cadmium and 
indium (Chaglar 1978 and Khangi 1 9 8 0 ) .  The increase in  F-parameter 
value from a low temperature up to  500 K i s  2.2%, the same value as 
was observed by Segers e t  a l 1 9 8 0 .  They found the threshold  
temperature for  t i n  was 403 K, but in  our work as shown by the 
curve, i t  occurs a t  390 K ( th e  monovacancy creation  temperature). 
They suggested that three l i n e s  should be f i t t e d  through th e ir  data 
with three d i f f e r e n t  s lo p es .  This i s  in  accordance with our r e s u l t s ,  
but not w ith  Puff et  a l  (1 9 8 3 )  in  which th e ir  l i f e t im e  measurements 
in d ica ted  four d i f f e r e n t  reg ion s,  low temperature to 220 K, from 220 K 
to  370 K, from 37 0  K to  420 K, and f i n a l l y  trapping region  from 447 K 
to  500 K. They b e liev ed  that the threshold temperature i s  447 K, 
rather than 390 K or 403K. Their explanation was not a c tu a lly  in  good 
agreement with our r e s u l t s ,  which divided in to  three d i f f e r e n t  regions  
rather than four. I t  i s  ev ident from the data that the line-shape  
parameter change in  annealed t i n  as fun ction  of temperature i s  small.  
N everth eless ,  the reg ions are q u ite  d is t in g u ish a b le ,  so i t  i s  not 
p o ss ib le  to a t t r ib u te  them to e le c tr o n ic  i n s t a b i l t i e s  alone, a fac t  
supported by the va lu es  of G—parameter which was described in  a 
previous chapter ( s e e  4 . 2 . 5 ) ,  t h i s  data being found sa t is fa c to r y .
7 . 3 - L in e -s h a p e  param eter a n a l y s i s ;
Two cases of trapping model were applied  to  the data, and f i t t e d  by 
using the le a s t -sq u a r e  m inim ization method:
( a )  " l i n e a r  r i s e "  e q u a t io n  ( 5 . 4 . 3 )  w i t h # = 0 .
(b )  " s e l f - t r a p p i n g "  model e q u a t io n  ( 5 . 4 . 4 ) .
The r e s u l t s  are i l lu s t r a t e d  in  ta b le  ( a ) , ( b )  and the l in e  f i t t e d  to  
data i s  shown in  f i g u r e ( 7 . 2 . 1 ) ,  "the s o l id  l in e  for case (b) and dash
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l in e  for  case (a )" . From the l in e a r  r i s e  r e s u l t s ,  ( t a b l e ( a ) ) ,  the 
p ro b a b il i ty  of positron  trapping was
hJ^=( -56±0 .0 2 ) e v  F^  =( .4576+0 .0005)
A ^ /( 8 .3 ± 0 .7 )X 1 0  F^ =^( .4 7 1 2 + 0 .0 0 0 7 )
j3 =( 29 .0+3 .1 )X10 C h i-sq u a r ed = l  .6 4
T a b le (a )
42
c a l c u l a t e d  a s  65% a t  500 K, w h i le  i t  was c a l c u l a t e d  ^63% by Khangi.
Dedoussis e t  a l (197 7) found a value of vacancy formation energy for
t i n  H = ( 0 .5  + .0 1 )eV  by l i f e t i m e  m easurem ents and IT = (0 .5 1 + 0  .05)eV  by1v 1v -
Doppler broadening‘measurement s, w hile  a s im iler  value H^^=(0.51 + .02 )eV  
was found by Seger et  a l ( 1 9 8 0 ) ,  by threshold temperature method and 
H^^=(0 .5 4 + 0  . 0 3 ) eV by the trapping model. At the same time Mackenzie e t  
a l found H^^=0.57eV by the threshold temperature method. This value
was a ls o  rec en t ly  found by Puff e t  al 0 .5 8 eV  by the same method. Our
r e s u l t s  however show that th is  value i s  nearer to the value which was 
found by Mackenzie e t  a l and Puff et a l for the case (a) while i t  i s  
near the other groups for the case (b) .
H^^=(0.52+0.01)ev E(K^)=( 0 .143 + .0 0 7 )e v
5  , 5
A ^ = (2 .9 5 ± 0 .6  5)X10 B = (7 .2 5 + .9 3 )X 1 0
Fp = (0 .4 5 9 6 + 0 .0 0 0 3 )  F ^ = (0 .4 7 3 5 ± 0 .0 0 0 8 )
F ^= (0 .4647+0  .00 0 4 )  C h i-sq u a red = l  .11
Table(b)
The r e s u l t  of ta b le (a )  and tab le (b )  was a lso  found by Khangi ( 1 9 8 0 ) ,
where he used the F-parameter c a lc u la t io n  without a background
su b trac tion . The l i f e t im e  of a fr e e  p os itron  an n ih ila t in g  in  t in  was
-12
computed by D e d u s s is  e t  a l  as 215X10 s e c .  and by P u f f  e t  a l  as 
-12
(199±1)X 10 sec .  Therefore the trapping r a te  and entropy exponetial
1 4 -1  1 5 -1  ,
f a c t o r ,  A^  , has a v a lu e  3 .9X 10  S i n  c a se  (a )  and 1.3X10 S in  ca se
^  15 -1  .
( b ) .  This can be compared with IXlO S obtained by Dedoussis e t  a l .
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F i g ( 7 , 4 . 1 )  The v a r ia t io n  o f  the  width parameters o f  the Gaussian
and the p a r a b o lic  components o f  th e  p o l y c r y s t a l l i n e  annealed t in ,
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The entropy of monovacancy formation was obtained by Balzer e t  al
(1 9 7 4 )  as 1 .7 k  from a thermal expansion experiment, where k i s
Boltzmann constant. By using t h i s  entropy, the concentration of
~ 5  —5
monovacanc was o b ta in e d  a t  505K a s  1.4X10 and 3.5X10 fo r  ca se  (a )  
and (b )  r e s p e c t i v e l y .  T h is  i s  i n  good agreem ent w i t h  th e  v a lu e  they  
fou n d . The monovacancy c o n c e n t r a t io n  i n  t i n  a t  th e  m e l t in g  p o in t  i s  
about two o r d e r s  o f  m agnitude sm a l le r  than  i n  o th e r  m e t a l s .  I t  i s  f o r  
t h i s  r^bon t h a t  S e e g e r  c l a s s i f i e d  t i n  a s  a m e ta l  th a t  "m elts  to o  
e a r ly " .
7 .4 - L in e - s h a p e  a n a l y s i s :
The s u p e r p o s i t i o n  o f  a G a u ss ia n  and an in v e r t e d  p a ra b o la  co n v o lu ted  
w ith  th e  i n t r i n s i c  r e s o l u t i n  f u n c t i o n  was a p p l ie d  to  f i t  th e  
l i n e - s h a p e  spectrum  in  a n n e a le d  t i n .  The p a ra b o la  and G a u ss ia n  w id th  
i s  i l l u s t r a t e d  i n  f i g u r e ( 7 . 4 . 1 )  and p a ra b o la  p e r c e n ta g e  in  
f i g u r e ( 7 . 4 . 2 )  . The p a ra b o la  w id th  does not change a p p r e c ia b ly  as a 
f u n c t i o n  o f  tem p era tu re ,  but th e  G a u ss ia n  w id th  changed about 2 .3  
c h a n n e ls  from lew tem p era tu re  r e g io n  r e l a t i v e  to  h ig h  tem p eratu re  
r e g io n .  T h is  sm a ll  change i n  G a u ss ia n  w id th  compared w ith  cadmium 
a l s o  showns th e  s i g n s  o f  a weak tr a p p in g  e f f e c t  i n  t i n .
The p e r c e n ta g e  change o f  th e  p a ra b o la  was not a s  much as i n  cadmium 
and o t h e r  m e ta l s  above vacan cy  r e g io n .  I t  can be see n  from
f i g u r e ( 7 . 4 . 2 )  t h i s  amount a lm o st  s ta y e d  c o n s ta n t  w i t h i n  th e
, ' Sil<nOÇ
S la  If Sues o f  th e  d ata  and a lso ^ n o  c l e a r  r i s e  near th e  m e l t in g  p o in t .
An a v era g e  v a lu e  o f  67% p a r a b o la  i n t e n s i t y  i s  10% l e s s  than  th e  v a lu e
obtained by Jackman e t  a l ( 1 9 7 3 ) ,  who obtained 77%. But Jackman e t  a l
r e p o r te d  a g a in  i n  1974  a new v a lu e  o f p a ra b o la  i n t e n s i t y  fo r  t i n  o f
70.4% a t  room tem p era tu re ,  and t h i s  v a lu e  i s  n o t  so d i f f e r e n t  from our
r e s u l t .  The r e s u l t  of f i t t i n g  a spectrum taken a t  room temperature i s
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F ig ( 7 * 4 .2 )  The p a r a b o l ic  i n t e n s i t y  v ersu s  temperature fo r  p o ly ­
c r y s t a l l i n e  annealed  t i n .  The standard d e v ia t io n  i s  1 .
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F i g ( 7 * 4 . 3 )  A p p l i c a t i o n  o f  t h e  c o n v o l u t i o n  t e c h n i q u e  to  
s e p a r a t e  t h e  two components o f  t h e  a n n i h i l a t i o n  gamma-ray 
l i n e  i n  p o l y c r y s t a l l i n e  a n n e a l e d  t i n ,  a t  room te m p e ra tu re *
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shown i n  f  i g u r e ( 7 . 4 . 3 )  . The s o l i d  l i n e  i s  th e  c o n v o lu te d  r e s u l t  o f  a
G a u ss ia n  and an i n v e r t e d  p a ra b o la  (dashed  l i n e )  w ith  th e  i n t r i n s i c
85
r e s u l o t i o n  f u n c t i o n  ( Sr s i n g l e  gam m a-rays). The f i t  »s c o n s id e r e d  
s a t i s f a c t o r y  by th e  v a l u e  of c h i - s q u a r e d  (b etw een  0 .9 5  and 1 . 3 ) .
The Fermi energy was o b ta in e d  from th e  avrage v a lu e  of p a ra b o la  w id th  
was eq u a l t o  1 7 .2  c h a n n e ls  a t  0 .0935keV  per c h a n n e ls  d i s p e r s i o n ,  
g i v i n g  E p = 1 0 .1 2 ev .  T h is  i s  i n  good agreement w i th  K i t t e l  but 15% 
g r e a t e r  i n  v a lu e  than  t h a t  o b ta in e d  by Jackman e t  a l  ( 1 9 7 3 ) .  The
Fermi momentum was a l s o  o b ta in e d  by Badoux e t  a l  (1967 ) a s
“3 "3
Pp=6.32X10 Xm^  c and by D e d o u ss is  e t  a l  ( 1977) a s  P =6.3X10 Xm^c, from
a n g u la r  c o r r e l a t i o n  and broad en in g  measurements r e s p e c t i v e l y .  The
Fermi energy d e r iv e d  from t h e s e  momenta i s  i n  good agreem ent w i th  our
r e s u l t .
7 .5 - C o n c lu s io n :
A lth ou gh  th e  F -p aram eter  was f i t t e d  by th e  tr a p p in g  model method
and a v a lu e  o f en th a lp y  and p r o b a b i l i t y  of tr a p p in g  was o b ta in e d ,
tr a p p in g  was n e v e r t h e l e s s  weak. I t  cou ld  be s a id  t h a t  no s ig n  o f
tr a p p in g  was o b se r v e d  compared t o  o th e r  m e ta ls  ( e g ;  Cd, A l ,  Au, In  , pb
4+ . o
e t c . ) .  S e e g e r  (1 9 7 3 )  q u o te s  th e  r a d iu s  o f  Sn io n s  a s  0 .7 1  A
w h ich  i s  sm a l l  compared w i th  h a l f  in t e r a to m ic  d i s t a n c e s  (1 .4 0 A  and 
1 .5 1 A ) .  T h e r e fo r e  Sn* i s  c o n s id e r e d  as  narrow co r e  m e ta l  s i m i l a r  to
P^* io n  w i th  a r a d iu s  o f  0 .8 4 A  and h a l f  an i n t e r a t o m ic  d i s t a n c e  of
1 . 7 5  A. Both m e ta l? h a v e  th e  same " t e t r a v a le n t "  s t r u c t u r e .  D e s p i t e  
t h i s , t r a p p i n g  e f f e c t  has b een  ob serv ed  i n  Pb (R ic e -E v a n s  e t  a l  1 9 7 8 ) ,  
but n o t  i n  t i n .  A q u a l i t a t i v e  e x p la n a t io n  f o r  th e  weak tr a p p in g  
e f f e c t  i n  t i n  has been  r e p o r te d  by S eeg er  ( 1 9 7 3 ) .  He r e p o r te d  t h a t  
w h i l e  some of th e  p r o p e r t i e s  o f  t i n  and l e a d  a r e  th e  same, th e  
monovacancy volume o f  t i n  i s  0 .2 5  which i s  a lm ost  t h e  same a s  a l k a l i
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m e t a l s  but s m a l le r  than  t h e  0 . 4  monovacancy volume of l e a d .  Another  
e x p la n a t io n  i s  a s t r o n g  va ca n cy  r e l a x a t i o n  i m p l i e s  th a t  f o r  a 
monovacancy i n  t i n  i f  t h e  n e ig h b o u r in g  i o n s  c o r e  r e l a x e s  inward, they  
a c t u a l l y  reduce th e  ch arge  t o  be scr een ed  by t h e  c o n d u c t io n  e l e c t r o n s ,  
th u s  r e s u l t i n g  Dv <\ sh a llo w  tr a p p in g  p o t e n t i a l  and a  sm a ll  
p o s i t r o n - v a c a n c y  b in d in g  e n e r g y .  T h is  e f f e c t  c o u n te r a c t s  th e
f o r m a t io n  o f  a p o s i t r o n  bound s t a t e .  S eeg er  m entioned  (1973) "from 
th e  Hodeges c a l c u l a t i o n s ( 1 9 7 0 ) “ t h e  tr a p p in g  p o t e n t i a l  and p o s i t r o n  
va ca n cy  b in d in g  en ergy  f o r  t i n  a s  5 .2  and 1 .4  eV r e s p e c t i v e l y  by 
assum ing no vacan cy  r e l a x a t i o n  a t  a l l .  They are  c a l c u l a t e d  i n  th e  
" r ig id "  v a ca n cy  m odel.
The monovacancy fo r m a t io n  energy  in  t i n  o b ta in e d  i n  t h i s  work i s
i n  good agreem ent w i t h  o th e r  g ru o p s .  The c a l c u l a t e d  Fermi energy of
th e  e l e c t r o n  i n  t i n  was a l s o  s a t i s f a c t o r y  compared w i t h  o th e r  grou p s .
In  t h e  ca se  (a )  t h e  s lo p e  of therm al ex p a n s io n  was v e r y  near to  v a lu e
—  6
w hich  o b ta in e d  by Shah e t  a l  (1984)^ t h e i r  v a lu e  was /}= (3 2 .+2)X10 . 
They o b serv e d  a rem arkab le  ru p tu re  i n  th e  F -param eter  above 505K th e
‘Im e l t in g  p o in t  o f t i n ,  they  b e l i v e d  t h a t  i s  b ecau se   ^ th e  phase  
t r a n s i t i o n  from th e  s o l i d  t o  l i q u i d .
7 .6 - P o s i t r o n  a n n i h i l a t i o n  i n  deformed t i n :
7 . 6 .1 - I n t r o d u c t i o n s  and method:
T in  has two a l l o t r o p i e  form s, f i r s t  g r a y - t i n  or ( # - t i n  
sem ic o n d u cto r )  which has c u b ic  (diamond) s t r u c t u r e  w i th  d e n s i t y  5 .7  6 
g r /cn ?  and i t  i s  s t a b l e  below 2 8 6 .4K. Second, w h i t e - t i n  or ( ^ - t i n  
m e ta l )  which i s  o rd in a r y  t i n  and h as  t e t r a g o n a l  s t r u c t u r e ,  i s  s t a b l e  
and h as  a d e n s i t y  7 . 2 9  g r / c m .  At 2 8 6 .4  K g r a y - t i n  changes t o  
w h i t e - t i n ,  w hich  i s  s t a b l e  above room te m p era tu re .  The w h i t e - t i n  i n  
t h e  low tem p eratu re  (230+10)K change to  t h e  g r a y - t i n  i n  a t  l e a s t  23
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F ig (7 * 6 # 2 * l )  The v a r ia t io n  o f  F—paraineter a s  a  fu n c t io n  o f  te sp e r a tu r e  
fo r  p o l y c r y s t a l l i n e  t i n  p l a s t i c a l l y  deformed a t  77K. The measurements 
are in d ic a t e d  s e q u e n t ia l ly  A to  S . T h e  standard  d e v ia t io n  i s  ±  O.COC'5*
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d ays ( P u f f  1 9 8 4 ) .  T h is  t r a n s fo r m a t io n  was f i r s t  r e p o r te d  by Erdiman in  
1 9 5 1 .  The t r a n s fo r m a t io n  i s  accompained by 27% volume change a f t e r  
w h ich  a bar o f w h i t e —t i n  becomes a powdery mass o f  g r a y - t i n  (Burger  
and G roen 1 9 5 7 ) .  We e x p la in e d  more about t h i s  t r a n s fo r m a t io n  in  
ch a p te r  two. P u f f  and Mascher (1984) m en t io n ed  t h a t  t y p i c a l l y
th e  t r a n s f o r m a t io n  from ^ - t i n  t o  a - t i n  o ccu red  i n  23 d a y s ,  where crjfer 
few days ( t h r e e  d a y s )  t h e  gre^K luass of th e  / 5 - t i n  changes t o  th e  » - t i n  
and t h e  r e s t  change i n  rem ain in g  d a y s .  The t r a n s fo r m a t io n  back t o  th e  
/ 5 - t i n  to o k  p la c e  i n  a s h o r te r  t im e .
Busch and Kern 1960 c la im e d  t h a t  t r a n s fo r m a t io n  from t o  o r - t in
r e q u i r e s  two p r o c e s s ;  f i r s t  th e  phase formed a t  n u c lé a t i o n  t im e  t   ^
second  t h i s  n u c l é a t i o n  t im e  i s  f o l l o w e d  by s p h e r i c a l  growth of each  
n u c le u s  w i th  a l i n e a r  r a t e  o f Lj where both tim e and l i n e a r  r a t e  are  
tem p era tu re  d ep en d en t .  T r a d i t i o n a l l y ,  t h i s  t r a n s fo r m a t io n  has been  
o b ta in e d  by ( a )  d i l a t o m e t r i c  m easurem ents and change of vo lum e, (b )  
d i r e c t  o b s e r v a t io n  o f  th e  m o t io n  o f  th e  p h y s i c a l  boundry . R e c e n t ly  
modern t e c h n iq u e s  have been u sed ,  such as X-ray i n t e r a c t i o n  te ch n iq u e  
(B u rger  e t  a l  1 9 5 7 ) ,  m ossbauer i s o m e r ic  s h i f t  (N ik o la o v  e t  a l  1 9 7 3 ) ,  
p o s i t r o n  l i f e t i m e  measurement (P u f f  1984) and D oppler broaden ing  
m easurement (R ic e -E v a n s  e t  a l  1 9 8 5 ) .
Method :
Two p i e c e s  o f  th e  t i n  w i th  dime s i o n  1 . 5 x 1 .5 x .2cm , spark  e r u s i o n  cut
from a rod  w i t h  99.999% p u r i t y  s u p p l ie d  by K o c h - l ig h t  L a b o r a to r ie s
L td .  The p i e c e s  t h e n  was e t c h e d  i n  n i t r i c  a c id  and c le a n e d  up by
22
a l c o h o l ,  th e n  0 . 5  mCi o f  c a r r i e r - f r e e  NaCl s o l u t i o n  was ev a p o ra ted  
d i r e c t l y  o n to  c e n t r a l  r e g io n  o f  th e  s u r f a c e s  o f  th e  two p i e c e s .  The 
e s t im a te d  diameter o f  a c t i v a t i o n  a re a  was 0 .2cm . The two p i e c e s  th en  
put t o g e t h e r  as a sandwich c o n f i g u r a t i o n  and wrapped i n  t h i n  aluminium
f o i l .  The so u r c e -s p e c im e n  was th e n  p la c e d  i n  a b ath  of l i q u i d
130
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rature for polycrystalline tin plastically deformed at 77K*
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n i t r o g e n  w hich  la y  b etw een  th e  jaw s o f  a h y d r a u l i c  p r e s s .  The
a p p l i c a t i o n  o f  10 t o n s  p r e s s u r e  on th e  specim en  r e s u l t e d  i n  th e
r e d u c t io n  o f  i t s  t h i c k n e s s  t o  a p p ro x im a te ly  50% a t  77K. The
sour c e - specim en  was th e n  im m ediatly  t r a n s f  f  ered  t o  t h e  c r y o s t a t  under
a bath  o f  l i q u i d  n i t r o g e n  So t h a t  th e  tem p eratu re  of th e  sample
d id  n o t  r i s e  above 110 K. A f t e r  m ounting t h e  specim en i n  th e
c r y o s t a t ,  th e  tem p era tu re  of sample was kept a t  80 K a t  e q u i l ib r iu m
: w i th  a s t a b i l i t y  b e t t e r  than 0 ,5K. Data a cc u m u la t io n  s t a r t e d  in
range 80 K t o  420 K w i th  increm ent of 10 K. The vacuum of th e  chamber
-5d ur in g  th e  measurement was b e t t e r  than  IXIO t o r r  and th e  t o t a l
6
c o u n t in g  r a t e  was 7X10 in  two h o u r s .
7 . 6 .2 -L in e - s h a p e  p ara m eters:
The a n n i h i l a t i o n  r a d i a t i o n  p r o v id e s  d e t a i l e d  in f o r m a t io n  o f  th e  
e l e c t r o n  d e n s i t y  in  m e t a l s  sampleij by th e  p o s i t r o n s .  F o l lo w in g  t h e
e x t e n s i v e  t h e o r i t i c a l  work on p o s i t r o n  e l e c t r o n  a n n i h i l a t i o n  (West
1 9 7 9 ,  Niem inen and Manninen 1 9 7 9 ) ,  i t  i s  known t h a t  th e  l i f e t i m e  and 
l i n e - s h a p e  p aram eters  o f  p o s i t r o n  a n n i h i l a t i o n  a r e  p r o p o r t io n a l  t o  t h e  
a v er a g e  d e n s i t y  o f  th e  e l e c t r o n s  d ur in g  a n n i h i l a t i o n .  T h e re fo re  th e  
a n a l y s i s  o f  l i n e - s h a p e  param eters  i s  s u i t a b l e  n ot o n ly  fo r  th e  
i d e n t i f i c a t i o n  o f  th e  s t r u c t u r e  o f th e  d e f e c t  but a l s o  fo r  th e  study  
of phase t r a n s i t i o n s .  The l i n e - s h a p e  param eters  F and W-parameter
v e r s u s  tem p era tu re  a r e  i l l u s t r a t e d  i n  f i g u r e s ( 7 . 6 . 2 . 1 )  and ( 7 .6  .2 . 2 ) .  
As i t  can be se e n  th e  F -param eter i s  p l o t t e d  a s  a f u n c t i o n  o f
tem p era tu re  and i s  i n d i c a t e d  a l p h a b e t i c a l l y , t o  make th e
i d e n t i f i c a t i o n  o f  each s t a g e  a l i t t l e  e a s i e r .  Each p o in t  r e p r s e n t s  a 
two hour run s t a r t i n g  a t  80 K w ith  i n c r e  ment of 10 K.
I t  shows t h a t  no change has b een  o b serv e d  i n  th e  F-param eter by
i n c r e a s i n g  t h e  tem p ertu re  up t o  230 K (A-B-C-D on t h e  c u r v e ) .  Above
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'  1
230 K t h e  F -p aram eter  ft, 4.8% t o  p o in t  E i n  l e s s  than  3 hours
and th e n  a g a in  , about 2% t o  p o in t  F. T h is  demost r a t e d ^ p i d
t r a n s i t i o n  o f  th e  w h i t e - t i n  t o  g r a y - t i n  /h about 5 hours which i s  
co r e sp o n d in g  t o  th e  redu ced  m e t a l i c  d e n s i t y  from 7 .2 9  g r /c n f  to  5 .7 6  
g r /cm . The F -p aram eter  r e m a in f  c o n s ta n t  up t o  300 K, t h i s  r e p r e s e n te d  
t h a t s a m p l e  s t a y s  a t  c o n s ta n t  s t r u c t u r e  ( a - t i n ) . The g r a y - t i n  was 
th e n  changed t o  th e  w h i t e - t i n  a g a in  a f t e r  ap p ro x im a te ly  4 .5  hours  
(G -H - l)  on t h e  f  ig u r  e (7  .6 .2 .1 ) .  I t  rem ained w h i t e - t i n  a l l  th e  way up 
t o  420 K ( I - J - K ) ,  th e  sm all  r i s e  above 390 K i n d i c a t e s  monovacancy 
c r e a t i o n  f o r  th e  a n n e a le d  ^ - t i n  ( s e e  s e c t i o n  7 . 2 ) .  The sample was 
th e n  c o o le d  down from 420 K s lo w ly  to  80 K and a g a in  p r o c e s s  r e p e a te d  
i n  an i n t e r v a l  o f  20 K up t o  220 K (L-M-N-O). I t  i s  found t h a t  th e  
F -p aram eter  i s  s i g n i f i c a n t l y  lower than f o r  th e  deformed sam ple. T his  
d i f f e r e n c e  (o f  about 1.7%) d em on stra ted  th e  r e c r y s t a l I z a t i o n  p r o c e s s  
o f  th e  deformed / 3 - t i n  from a h ig h  c o n c e n t r a t io n  o f  d e f e c t s  (A-B-C) to  
low c o n c e n t r a t io n  f o r  th e  a n n ea led  sam ple (L-M -N). The w h i t e - t i n
a g a in  t r a n s f e r  to  th e  g r a y - t i n  a t  240 K i n  2 hours t im e  and remained  
g r a y - t i n  a t  290 K (P -Q -R ) . But u n f o r t u n a te ly  runs w ere  not co n tin u ed  
ab ove 290 K b eca u se  th e  h e a t in g  w i r e  o f th e  sample h o ld e r  was damaged 
a t  t h a t  te m p era tu re .  But a f t e r  i t  was c o o le d  down, two more p o in t s  
w ere ta k en  a t  low tem p eratu re  (80 K ) ,  S p o in t  on t h e  cu rv e .  I t  was 
c l e a r l y  shown t h a t  th e  sample remained i n a - t i n  a s  was ex p e c te d  from 
th e  p r o p e r t i e s  o f  t h e  e le m e n t .  F i n a l l y  th e  sample was e x t r a c t e d  from  
th e  c r y o s t a t  and t h e  m e ta l  d is c o v e r e d  t o  have been reduced  t o  a f i n e  
powder. The above p r o c e s s  d em o stra ted  t h a t  th e  w h i t e - t i n  was 
tra n sfo r m ed  t o  g r a y - t i n  a t  (230+10)K and r e tr a n s fo r m e d  t o  th e  
w h i t e - t i n  a t  (300+10)K , and p r o c e s s  v occu red  i n  s h o r t  t im e because  
o f  p l a s t i c  d e fo r m a t io n .  T h is  was o b serv e d  by P u ff  e t  a l  in
l i f e t i m e  m easurem ents i n  1984 a f t e r  our m easurem ents .
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Fig(7,jS . 3 . 3 )  The tem perature dependence oj the p ro p o rt io n  o f  the  
a n n ih i la t io n  c o n tr ib u t in g  to  p a r a b o lic  component o f l i n e  shape of  
the  p o l y c r y s t a l l i n e  deformed t i n  ( c i r c l e ) , a n d  p o l y c r y s t a l l i n e  an­
n ea led  t i n  ( s t a r ) .  The standard d e v ia t io n  i s  + 1 , 0 ^ ,
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7 . 6 . 3 - L in e -s h a p e  a n a l y s i s :
The a p p l i c a t i o n  o f  th e  s u p e r p o s i t o n  G aussian  and an in v e r t e d
p a r a b o la  c o n v o lu te d  w i t h  th e  r e s o l u t i o n  f u n c t i o n  has been  a p p l i e d  to
a n a ly s e  th e  l i n e - s h a p e  spectrum . F i g u r e ( 7 . 6 . 3 . 1 )  i s  shown t h a t  th e
d i f f e r e n c e  b etw een  spectrum  of p o s i t r o n  a n n i h i l a t i o n  i n  a - t i n  and
/ î - t i n  on  th e  l e f t  o f  th e  f i g u r e ,  and on th e  r i g h t  of th e  f i g u r e  th e
m o n o - e n e r g e t ic  Gamma-ray spectrum of %r (resp onse  f u n c t i o n )  n orm alizect
to  t h e  same peak h e i g h t .  The r e s u l t  of th e  c o n v o lu t io n  was
i l l u s t r a t e d  i n  f i g u r e ( 7 . 6 . 3 . 2 )  and ( 7 .6  . 3 . 3 )  . The G aussian  and
p a r a b o la  w id th ''s  v a ry  w i th  tem p eratu re^ f ig u r e (7  .6 .3 .2 )  . There i s  a
sharp drop and r i s e  i n  G au ss ian  and p a ra b o la  w i d t h ' s  around th e
t r a n s i t i o n  t e m p e r a tu r e s .  The s i g n i f i c a n t  change i n  G a u ss ia n  w id th  
/
frcm 23 channel s t o  25 channe I s  i n  a verage  a t  low tem p eratu re  shows
th e  weak tr a p p in g  o f  th e  p o s i t r o n  i n  / î - t i n  i n  deformed sample
w i th  r e s p e c t  t o  a n n e a le d  / î - t i n .  The p a ra b o la  w id th  f o r  both  deformed
and a n n e a le d  c a s e s  was rem ained c o n s ta n t  v e r s u s  tem perature^on  a v era g e
1 7 .2  c h a n n e l s ,  t h e  same as computed i n  th e  a n n e a le d  sample
exp l a i n e d  i n  s e c t i o n  7 .4  o f t h i s  c h a p te r .  But th e  p a ra b o la  w id th  as
i t  co u ld  be s e e n  from th e  curve was dropped about 1 .2  ch a n n e ls  a t
' ' \
240 K and s ta .  ad same a s  t r a n s i t i o n  o ccu red  th en  back  t o  th e  1 7 .2
c h a n n e ls .  The Fermi energy th en  c a l c u l a t e d  f o r  / 5 - t i n  from 1 7 .2
h
c h a n n e ls  a t  .0935eV  p er  channel 1 0 .1 2  e V .th e  same as  b e f o r e  and f o r
j  ■ ¥a - t i n  a l s o  c a l c u l a t e d  a s  8 . 7 6 e v .  T h is  compare^ ' w i th  Rvalue  
o b ta in e d  by Badoux e t  a l  in  1967 from a n g u la r  c o r r e l a t i o n  m easurements  
was i n  good a greem en t.
F i g u r e ( 7 . 6 . 3 .3j) sh o w f t h e  p a ra b o la  p erc en ta g e  i n t e n s i t y  in
I
a n n i h i l a t i o n  l i n e —shape and i t  can be se e n  th e  c o r r e l a t i o n  o f
th e  p a ra b o la  i n t e n s i t y  w i th  F -c u r v e  i n  th e  ca se  of th e  t r a n s i t i o n  was 
s a t i s f a c t o r y .  But t h e  i n t e n s i t y  o f p a ra b o la  in  a n n e a le d  and deformed
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was n o t  th e  same a s  we e x p e c te d  l i k e  cadmium r e s u l t  ( t h e  s t a r  symble  
on t h e  c u r v e ) .  The p a ra b o la  p e r c e n ta g e  r se from 66% to  
a p p r o x im a te ly  70% a t  t r a n s i t i o n  f o r  / 5 - t in  and a - t i n  r e s p e c t i v e l y .
7 . 6 . 4 - Z e r o -p o in t  m otion ;
As we d i s c u s s e d  i n  s e c t i o n  7 .4  th e  tr a p p in g  o f  th e  p o s i t r o n  in  
^ - t i n  was n o t  l i k e  t h a t  i n  n o b le  m e t a l s ,  w here i t  i s  trapp ed  i n  a deep  
p o t e n t i a l  w e l l .  T h e re fo re  no s i g n i f i c a n t  changes were ex p ec ted  in  
c h i - s q u a r e d  by a d d i t i o n  o f  an e x t r a  G a u ss ia n  to  th e  c o n v o lu t io n  
a n a l y s i s  b ecau se  th e  e f f e c t  of z e r o - p o i n t  k i n e t i c  en ergy  i s  n o t  th e  
same a s  f o r  cadmium (R ic e -E v a n s  e t  a l  197 8 b ) .  But e i g h t  s p e c t r a  have  
b een  ch o sen  from th e  d i f f e r e n t  c a s e s  (a n n e a le d ,  deformed, and 
t r a n s i t i o n ) ,  a t  d i f f e r e n t  tem p era tu res  and th e n  a n a ly s e d  by a d d i t io n  
[ a n ( o f l e x t r a  G a u ss ia n  t o  th e  c o n v o lu t io n  p r o c e s s  a s  i s  e x p la in e d  i n  
c h a p te r  f i v e .
The r e s u l t s  o f  t h e s e  a n a ly s e s  a re  i l l u s t r a t e d  i n  f i g u r e s ( 7 . 6 . 4 . 1 ,  
7 .6  . 4 . 2 ,  7 . 6  .4  . 3 ,  and 7 . 6 . 4 . 4 ) .  I t  can be see n  t h a t  th e  c h i - s q u a r e d
was red u ced  t o  th e  minimum v a lu e  approxim aty a t  oj =^2 c h a n n e ls  f o r  th e  
c a s e  o f  th e  deformed sample r e l a t i v e  to  th e  a n n e a le d  sample a t  100 K. 
The same happended f o r  / 5 - t i n  a t  a tem p era tu re  of 160 K. In  t h e  ca se  
of  th e  a n n e a le d  / 5 - t i n  sample a t  h ig h  tem p era tu res  (400 K) and low  
te m p era tu re s  (100  K) a l s o ,  th e r e  was a minimum p o in t  a t  oj^=2, which i s  
v e r y  weak compared t o  p o l y c r y s t a l  cadmium and s i n g l e  c r y s t a l  cadmium 
(R ic e -E v a n s  e t  a l  197 8 b ) .  F i n a l l y  two spectrum s a t  290 K f o r  a - t i n  
and 110 K f o r  / 5 - t i n  w ere a l s o  shown i n  f  igu r  e ( 7 .6 . 4 . 4 )  which th e  
c h i —squared  m in im ised  a t  a p p ro x im a te ly  th e  same Oy . T his  m ight be 
a n o th e r  r e a s o n  t o  show th a t  th e  tr a p p in g  o f  th e  p o s i t r o n  i n  t i n  i s  
v e r y  weak a s  compared t o  o th e r  m e t a l s .
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Fig(7.6.4.1) The v a r ia t io n  o f  th e  reduced c h i-sq u a red  w ith  the  
p o s i t r o n  Gaussian width i n  p o l y c r y s t a l l i n e  deformed and annealed  
t i n  a t  the  same tem perature.
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F i g ( 7 . 6 . 4 . 2 )  THe v a r ia t io n  o f  the reduced ch i-sq u a red  w ith  the  
p o s i t r o n  G aussian width in  p o l y c r y s t a l l i n e  ann ealed  t i n  a t  two 
d i f f e r e n t  tem p eratu res .
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F ig (7 .5  . 4 . 3 )  The v a r ia t io n  o f  the  reduced ch i-sq u a red  w ith  the
p o s i t r o n  Gaussian w idth i n  p o l y c r y s t a l l i n e  deformed and annealed
t i n  a t  th e  same tem p erature .
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7 .6 . 5 - C o n c lu s io n :
As m e n t io n ed  by Bush and Kern ( 1 9 6 0 ) ,  a n e c e s s a r y  requirem ent f o r  
th e  o c c u r e n c e  o f t r a n s i t i o n  i s  t h e  e x i s t e n c e  of th e  ^ - n u c l e i  in  th e  
m e t a l l i c  p h a se .  A f t e r  n u c l é a t i o n  t h e  t r a n s fo r m a t io n  s t a r t s  near th e  
s u r fa c e  o f  th e  sam ple , and th e  growth r a t e  i s  s t r o n g ly  dependent on 
te m p e r a tu r e  and im p u r ity  c o n t e n t .  T h is  t r a n s f o r m a t io n  occured  in  a t  
l e a s t  23 d ays  w here 85% o f  th e  a n n e a le d  sample change in  a t  l e a s t  
t h r e e  days and r e s t  of t h a t  i n  more than  20 days P u f f  e t  a l  ( 1 9 8 4 ) .  
The p r i n c i p l e  of t h e  t r a n s i t i o n  o f  / 5 - t i n  t o  a - t i n  and v i c e  v e r s a  was 
i n  good agreem ent w i th  P u f f  e t  a l ,  but th e  t r a n s fo r m a t io n  tim e i s  
c o m p le t e ly  d i f f e r e n t  from t h e i r  r e s u l t s .  We b e l i e v e  from our r e s u l t s  
t h a t  about 70% o f  th e  / 5 - t i n  was tra n sfo rm ed  t o  th e  « - t i n  a t  (230±10)K  
i n  a p p r o x im a te ly  2 .5  hours and t h e  r e s t  tra n sfo rm ed  in  an oth er  
2 .5  h o u r s ,  w h i l e  th ey  o b ta in e d  a co m p lete  t r a n s fo r m a t io n  i n  23 d a y s .  
T h e r e f o r e  i t  i s  o b v io u s  t h a t  d e fo r m a tio n  o f  th e  t i n  or h igh  
c o n c e n t r a t i o n  o f  d e f e c t s  prom otes t h e  t r a n s i t i o n .  That i s  r e a s o n a b le  
b eca u se  i t  i s  a l s o  m ention ed  by Lohberg and P r e s c h e  ( 1 9 6 8 ) ,  where  
undeformed w h i t e - t i n  do n o t  tr a n s fo r m  ev en  a f t e r  c o n s id e r a b le  tim e  
i n  t h e  a b sen ce  of c o n ta c t  w i th  g r e y - t i n  or w i th  i s o t o p i c  p h a se s ,  
i n c u b a t i o n  t im e may be red u ced  t o  l e s s  th an  one hour by d e fo rm a tio n .  
The o t h e r  method t o  a c c e l e r a t e  th e  t r a n s fo r m a t io n  was o b serv ed  by 
Cohen and Van Eyk ( 1 8 9 9 ) .  The t r a n s fo r m a t io n  o f  w h i t e - t i n  t o  g r a y - t i n  
w i l l  be a c c e l e r a t e d  i f  sample was immersed i n t o  a s o l u t i o n  o f p in k s a l t  
(NH^)^ SnC lg . The sample c o n f i g u r a t i o n  changed from th e  bar to  powder, 
p o s s i b l y  b eca u se  o f th e  27% change i n  volume w hich  accompanied th e  
t r ^ f o r m a t i o n  from / 5 - t i n  t o  a r - t in .
The Fermi e n e r g ie s  o f  w h i t e - t i n  and g r a y - t i n  w hich  w ere c a l c u l a t e d  in  
t h i s  work, 1 0 .1 2  eV and 8 .76eV  r e s p e c t i v e l y ,  w ere both  s a t i s f a c t o r y  
when compared w i th  o th e r  g ro u p s .  The t r a n s fo r m a t io n  tem p eratu re  a t
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F i g ( 7 . 6 . 4 . 4 )  The v a r ia t io n  o f  the  reduced ch i-sq u a red  w ith  the  
p o s i t r o n  3-auealan width in  p o ly  c r y s t a l  l i n e  » h i t e  and grey  t i n
a t  two d i f f e r e n t  tem p eratures.
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(2 3 0 ± 1 0 )  K / 5 - t i n  t o  a - t i n  was a l s o  s a t i s f a c t o r y  when compared t o  Bursh  
and Kern I9 6 0  and P u f f  e t  a l  1984 and v i c e  v e r s a .
144
Chapter V I I I  P o s i t r o n  a n n i h i l a t i o n  in  s e le n iu m .
8 . 1 - I n t r o d u c t i o n  and method:
S e len ium  i s  a v e r y  co m p lica te d  su b s ta n ce  and v e r y  l i t t l e  i s  known 
about i t s  b a s i c  p r o p e r t i e s  (C h izh ik o z  e t  a l  1 9 6 8 ) .  Selenium  has 
s e v e r a l  a l l t r o p i c  s t r u c t u r e  form s. The more s t a b l e  one i s  grey w ith  a 
t r i g o n a l  s t r u c t u r e .  I t  can be produced w i th  e i t h e r  an amorphous or 
c r y s t a l l i n e  s t r u c t u r e .  The co lo u r  o f amorphous s e le n iu m  i s  red  in  
powdery form and b la c k  i n  v i t r e o u s  ( g l a s s y  l i k e )  form. The s t r u c t u r e s  
o f  th e  t h r e e  p r i n c i p l e  c r y s t a l l i n e  a l l o t r o p e s  o f  se len iu m , namely
a - m o n o c l i n i c ,  /3-mo no c l  i n i  c , and t r i g o n a l  are  w e l l  documented. The
3
amorphous se len iu m  w ith  a d e n s i t y  4 .2 8  gr/cm  t r a n s f e r s  t o  hexagonal  
s t r u c t u r e  a t  3 3 3 .1 5  K. In f a c t  t h e  l a t t i c e  o f t r i g o n a l  se len iu m  
c o n s i s t s  o f  s c r e w - l i k e  s p i r a l  ch a in s  w hich  a re  a rran ged  i n  hexagonal  
symme t r y .
P o s i t r o n  a n n i h i l a t i o n  s t u d i e s  o f  se len iu m  have b een  a lr e a d y  r e p o r te d  
i n  t h e  l i t e r a t u r e .  Most of th e  ex p er im en ta l  measurements u s in g  
p o s i t r o n  a n n i h i l a t i o n  i n  se len iu m  r e p o r te d ,  so f a r ,  have used  a n g u la r  
c o r r e l a t i o n  m easurem ents and th e  r e s u l t s  compared w i th  o th e r  
sem ic o n d u c to r s  such as s i l i c o n ,  and germanium (H a u to ja r v i  and Jauho  
1 9 6 7 ) .  An a n g u la r  c o r r e l a t i o n  measurement i n  d i f f e r e n t  t y p e s  of  
s e len iu m  was r e p o r te d  by Baskova e t  a l  ( 1 9 6 1 ) .  They r e p o r te d  t h a t  th e  
a n g u la r  c o r r e l a t i o n  curve  f o r  c r y s t a l l i n e  se len iu m  i s  w id er  than f o r  
amorphous and a narrow component of th e  a n g u la r  d i s t r i b u t i o n  was 
o b s e r v e d  i n  b la c k  and red  amorphous se len iu m  r e p r e s e n t i n g  p o s itro n iu m  
f o r m a t io n .  However, H a u to ja r v i  and Jauho r e p o r te d  t h a t  th e  b ehaviour  
of a p o s i t r o n  i n  se len iu m  was more l i k e  th a t  i n  an i n s u l a t o r .  The 
l i f e t i m e  of p o s i t r o n s  i n  p o l y c r y s t a l l i n e  s e len iu m  was measured by 
Brandt and Oremland i n  1 9 7 6 .  They r e p o r te d  t h a t  th e  r e c r y s t a l i z a t i o n
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o f  p o l y c r y e t a l l i n e  se len iu m  i s  f a s t  a t  h ig h  tem p era tu re s ,  ( e . g  a t  
220 K t h e  l i f e t i m e  of ?=322 ps drops t o  T=275 ps i n  l e s s  th a n  f i v e  
m i n u t e s ) .  But i n  1977 th e  l i f e t i m e  of p o s i t r o n s  i n  se len iu m  was 
r e p o r t e d  t o  be 355  ps by Balogh and D e z i s e  ( 1 9 7 7 ) .  L a ter  I to h  F. e t  
a l  (197  8) o b s e r v e d  t h a t  th e  l i f e t i m e  o f p o s i t r o n s  i n  t r i g o n a l  se len iu m  
i s  9% s h o r t e r  than  i n  amorphous se len iu m . They s u g g e s te d  t h a t  t h i s  i s  
b eca u se  th e  d e n s i t y  o f e l e c t r o n s  i n  amorphous s e l in iu m  i s  l e s s  th an  i n  
t r i g o n a l  s e le n iu m .  But th ey  d id  n o t  i n v e s t i g a t e  th e  tem p eratu re  
dependence o f  p o s i t r o n  a n n i h i l a t i o n  i n  se len iu m . R e c e n t ly  V a n d e r b i l t  
and J o a n n o p o n lo s ,  ( 1 9 8 3 ) ,  have made some t o t a l  energy  c a l c u l a t i o n s  to  
d eterm in e  t h e o r e t i c a l l y  th e  s t r u c tu r  a l  c o n f i g u r a t i o n  o f  v a c a n c i e s  in  
s e le n iu m .  They found a v a lu e  fo r  th e  a c t i v a t i o n  energy  o f 1 ,3  eV 
w hich  i m p l i e s  no thermal c r e a t i o n  o f  v a c a n c i e s  below th e  m e l t in g  
p o i n t .  T h is  i s  u n l ik e  most o th e r  e le m e n ts .  In t h i s  exp er im en t th e  
c h a r a c t e r i s t i c s  o f  p o s i t r o n  a n n i h i l a t i o n  i n  s e len iu m  have been  
i n v e s t i g a t e d  a s  a f u n c t i o n  o f  tem p era tu re ,  t o  sea r ch  f o r  therm al  
c r e a t i o n  o f  d e f e c t s  below th e  m e l t in g  p o in t .
Me th o d :
The sp ec im en  was prepared  i n  t h i s  study by th e  f o l l o w i n g  p ro ced u re ;
two d i s c s  o f  se len iu m  w ith  p u r i ty  99.99% s u p p l ie d  by K o c h - l ig h t
L a b o r a t o r i e s  L td  w ere  used  as  th e  sample. The d ia m eter  o f p i e c e s  was
9 . 4  mm and t h i c k n e s s  0 . 4  mm, w ith  t r ig o n a l  s t r u c t u r e .  The specim en
was used  d i r e c t l y  t o  make a sou rce  specim en w ith o u t  e t c h in g  or
a n n e a l in g ,  s i n c e  th e  sample had a lr e a d y  been  a n n ea led  by th e  company
22
and kept i n  a vacuum b o t t l e .  200 /^Ci of a c a r r i e r —f r e e  NaCl s o l u t i o n  
was th e n  ev a p o u ra te d  d i r e c t l y  o n to  t h e  c e n t r a l  r e g io n s  o f  th e  two 
d i s c s ,  w i th o u t  h e a t i n g .  The two p i e c e s  w ere  th en  put t o g e t h e r  i n  a 
sandwich c o n f i g u r a t i o n ,  and e n c a p s u la te d  i n  a wrapping o f  th in
aluminium f o i l .  The sou rce  sandwich was th e n  mounted i n  t h e  low
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te m p era tu re  c r y o s t a t  under vacuum b e t t e r  than 10 t o r r  and c o o le d  down 
t o  l i q u i d  n i t r o g e n  tem p era tu re  77 K. The same system  was used  f o r  
m easurement a s  was d e s c r ib e d  i n  ch a p ter  f o u r .  The d ata  was 
a ccu m u la ted  f o r  2 hours a t  each e q u i l ib r iu m  tem p eratu re  w i th  a t o t a l  
c o u n t in g  r a t e  o f  810000 co u n ts  a t  th e  511 keV peak a r e a .  The system  
s t a b i l i t y  was about one channel a t  4000 c o u n ts  per second , and th e  
tem p era tu re  s t a b i l i t y  was b e t t e r  than  0 .5  K f o r  each run. The d a ta
was a ccu m u la ted  o v er  th e  range 77 K t o  480 K n ear  m e l t in g  p o in t  of
se le n iu m  (4 9 5  K ).
8 .2 -L in e - s h a p e  param eter;
The F and W param eters  a re  i l l u s t r a t e d  a s  a f u n c t i o n  o f  
te m p era tu re ,  in  f i g u r e s ( 8 . 2 . 1 )  and ( 8 . 2 . 2 )  r e s p e c t i v e l y .  Apart from  
f l u c t u a t i o n s ,  th e  F -param eter appears f l a t  to  about 400 K and r i s e s  
v e r y  g e n t l y  a t  about 0.6% above 400 K. I t  i s  d i f f i c u l t  to  b e l i e v e  
t h a t  t h i s  sm a ll  r i s e  i n  th e  F -param eter  i s  due to  c o n v e n t io n a l  
tr a p p in g  o f  p o s i t r o n s  i n  l a r g e  volume v a c a n c i e s  and v o i d s .  The sm all  
i n c r e a s e  i n  th e  F v a lu e  does n ot c h a r a c t e r i z e  w e l l  th e  b ehaviour  of  
p o s i t r o n s  i n  se len iu m  as a f u n c t i o n  o f  tem p eratu re  owing t o  th e
in h e r e n t  s c a t t e r  in  th e  p o i n t s .  T h e r e fo r e ,  in  o rd er  to  m in im ise  t h i s  
s c a t t e r ,  th e  c e n t r o id  ch a n n e ls  o f  th e  peak f o r  th e  F-param eter ( i . e .  
th e  i n t e g r a t i o n  o f th e  c e n t r a l  a rea  o f th e  spectrum ) were v a r i e d  from  
15 c h a n n e ls  t o  1 2 , 2 1 ,2 5 , 2 9  c h a n n e ls  r e s p e c t i v e l y .  The r e s u l t  of t h i s  
change v a r i a t i o n  made no s i g n i f i c a n t  d i f f e r e n c e  to  th e  changes i n  th e  
F -p a ra m eter .
But a s  i s  shown i n  f i g u r e ( 8 . 2 .2 )  t h e  W-parameter was smoother than th e  
F -p a ra m eter  and d ec r e a se d  by about 2.4% from th e  low tem perature
r e g io n  w i th  r e s p e c t  t o  t h e  h ig h  tem p era tu re  r e g io n .  I t  r a n a in s  
a p p r o x im a te ly  f l a t  to  200 K and th e n  i t  b e g in s  t o  d e c r e a s e  s lo w ly  w ith
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a sm a l l  s l o p e  from 200 K up t o  350 K w hich  r e p r e s e n t s  therm al  
e x p a n s io n  a s  i n  o th e r  m e t a l s ,  and th e n  d e c r e a s e s  sh a rp ly  to  near th e  
m e l t in g  p o in t  o f  th e  se len iu m  (480  K ).
The r e s u l t s  showed no s ig n  o f  tr a p p in g  o f  p o s i t r o n s  i n  se len iu m , u n l ik e  
m e t a l s  such as cadmium, le a d ,  indium, e t c .  where i t  was o b serv ed  
(R ic e -E v a n s  e t  a l  1 9 7 8 b ) .  T h is  te n d s  t o  confir/n t h e  c a l c u l a t i o n  o f  
V a n d erb it  and J o a n n o p o u lo s  ( 1 9 8 3 ) .
8 . 3 - l i n e - s h a p e  a n a l y s i s :
The model dependent c o n v o lu t io n  t e c h n iq u e  o u t l i n e d  i n  s e c t i o n  t h r e e  
o f c h a p te r  f i v e ,  was used  i n  a n a ly s in g  th e  se len iu m  d a ta .  The 
G a u ss ia n  and p a r a b o la  w id th s  a r e  shown i n  f  i g u r e ( 8 .3 .1 ) . I t  can be 
s e e n  t h a t  th e  p a r a b o la  w id th  i s  n o t  te m p era tu re  dependent and i t  i s  
ro u g h ly  c o n s ta n t  w i th  an a v era g e  o f 1 6 .8  c h a n n e ls .  The G a u ss ia n  w id th  
as can be s e e n  i n  t h e  cu rve  i s  d i f f e r e n t  and narrow er than  f o r  m e t a l s  
such as cadmium and t i n  ( s e e  p r e v io u s  c h a p t e r ) .  I t  seem s, th e  co re  
e l e c t r o n s  o f  s e len iu m  have low momentum compared w i th  m e t a l s .  T h is  
w id th  d e c r e a s e s  a p p r o x im a te ly  1 .0  ch an ne l  from room tem p eratu re  to  
n ea r  th e  m e l t in g  p o in t  te m p era tu re .  The c h i - s q u a r e d  good ness  o f  f i t  
was betw een  1 .8  t o  2 . 4  and i s  h ig h e r  than t h e  c h i - s q u a r e d  which was 
found i n  t h e  ca se  o f  m e ta ls  ( t i n ,  cadmium) below  room tem p eratu re .  
T h is  s u g g e s t s  t h a t  perhaps i t  was n o t  c o r r e c t  t o  f i t  th e  se len iu m  data  
spectrum  w i t h  a G a u ss ia n  and an i n v e r t e d  p a r a b o la .  T h e re fo re  a t te m p ts  
w ere  made to  f i t  w i th  o n ly  two G a u s s ia n s ,  and a l s o  two G a u ss ia n s  p lu s  
an in v e r t e d  p a r a b o la ,  but u n f o r t u n a t e ly  t h i s  was found t o  g i v e  a w orse  
c h i - s q u a r e d  than  th e  p r e v io u s  v a l u e .
The p e r c e n ta g e  of p a r a b o la  c a l c u l a t e d  averaged  62.5% below room 
tem p era tu re  w hich  i s  n o t  i n  good agreem ent w ith  7 9% by Kusmiss ( 1 9 6 5 ) .  
F i g u r e ( 8 . 3 .2 )  i l l u s t r a t e s  th e  p a ra b o la  p e r c e n ta g e  as  a f u n c t i o n  o f
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F i g ( 8 . 4 . 1 )  The v a r i t i o n  o f  R-parameter w ith  tem perature fo r  
p o s i tr o n  a n n ih i la t io n  i n  se len iu m . The standard d e v ia t io n  o f  
R va lu e  i s  + 0 .0 0 0 9 .
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te m p e r a tu r e .  I t  shows, a p a r t  from a h ig h  f l u c t u a t i o n  i n  p o in t s ,  a 
s m a l l  d e c r e a s e  a t  h ig h  tem p era tu re .  I t  i s  d i f f i c u l t  t o  deduce any 
t h in g  s i g n i f i c a n c e  from t h e s e  r e s u l t s .  Perhaps th e  s i m i l a r i t y  betw een  
t h e  G a u ss ia n  and p a r a b o la  w id th s  h id e s  any e f f e c t s  such as th e  
c r e a t i o n  o f  v a c a n c i e s  a t  h ig h  tem p era tu re .
8 .4 -S e a r c h  f o r  p o s itr o n iu m ;
I f  p o s i t r o n s  behave i n  s e len iu m  as th ey  do i n  an i n s u l a t o r  which has  
no f r e e  e l e c t r o n s ,  (H a u to j a r v i  and Jauho 1 9 6 7 ) ,  th en  i t  i s  t o  be 
e x p e c t e d  t h a t  p o s itro n iu m  w i l l  be form ed. T h e re fo re  th e  R-param eter  
( r a t i o  o f  th e  t o t a l  a rea  under th e  band w id th  i n  340 keV r e g io n  o v er  
t o t a l  a r e a  o f th e  pea k) were c a l c u l a t e d  and p l o t t e d  as  a f u n c t i o n  o f  
tem p era tu re  [ f i g u r e ( 8 . 4 . 1 ) ] .  R a p p ea rs  f l a t  a s  tem p eratu re  i s  
i n c r e a s e d  up t o  near th e  m e l t in g  p o i n t ,  i n d i c a t i n g  th e r e  i s  no change  
i n  t h e  c r e a t i o n  o f  p o s it r o n iu m . T h is  t o o  i s  i n c o n c l u s i v e  f o r  t h e r e  
may be no p o s it r o n iu m  produced any way. The r e s u l t s  a g r e e  w ith  th e  
a n g u la r  c o r r e l a t i o n  m easurem ents o f  H a u t o ja r v i  and Jauho,
8 .5 - C o n c lu s ic n :
In  t h i s  i n v e s t i g a t i o n  o f  t h e  F -p aram eter  and from th e  c o n v o lu t io n  
a n a l y s i s  o f  th e  spectrum  i t  i s  co n c lu d ed  t h a t  th e  F-param eter i s  
w eakly  te m p era tu re  d ep en d en t .  There i s  no d i r e c t  e v id e n c e  to  s u g g e s t  
v a c a n c i e s  a r e  c r e a te d  i n  se len iu m  a t  h ig h  tem p era tu re .  V anderbit  and 
J o a n n o p o u lo s  (1983) c a l c u l a t e d  t h e  t o t a l  energy o f th e  s t r u c t u r a l  
c o n f i g u r a t i o n  o f  v a c a n c i e s  i n  se len iu m  to  be 1 .3  eV. T h is  i m p l ie s  a 
h ig h  t h r e s h o ld  te m p era tu re  (>600 K) fo r  th e  c r e a t i o n  o f  a vacan cy , a 
te m p era tu re  a t  w hich  i n  f a c t  s e len iu m  m e l t s .  T his  reminds us o f  
S e e g e r ' s  e x p la n a t io n  f o r  t i n  where he s a i d  t h a t  i t  m e lte d  to o  e a r l y .  
To co n firm  t h i s  th e  s p e c t r a  w er e  a l s o  f i t t e d  w i t h  a s i n g l e  G au ss ian  
t o  lo o k  f o r  any s i g n s  o f  p o s i t r o n  t r a p p in g  i n  v a c a n c i e s .  The G aussian
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w id th  would  i n c r e a s e  a t  h ig h  tem p era tu res  w i th  th e  c r e a t i o n  o f  th e  
v a c a n c i e s  b e c a u s e  o f th e  b road en in g  i n  t h e  spectrum induced  by z e r o  
p o in t  m o t io n .  The f i t s  show no s ig n  o f  an i n c r e a s e  a g a in  co n firm in g  
t h a t  no v a c a n c i e s  a r e  c r e a te d  below se len iu m  m e l t in g  p o i n t .
The sm a ll  i n c r e a s e s  i n  F and th e  d e c r e a s e  i n  W param eters  a s  a 
f u n c t i o n  o f  te m p era tu re  can be a t t r i b u t e d  t o  th e  therm al ex p a n s io n  o f  
t h e  sp ec im en .
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C hapter IX P o s i t r o n  a n n i h i l a t i o n  i n  g r a f o i l
9 . 1 - I n t r o d u c t i o n  and method:
P ositron  a n n ih i la t io n  in  m etals o f f e r s  a unique way to observe the  
momentum d is t r ib u t io n  of e lec tron s  and some other prop ertie s  of the 
s o l id .  The gamma-ray spectroscopy r e s u lt  of positron  a n n ih i la t io n  i s  
one of the ways of studing m a ter ia ls .  The techniques used to
in v e s t ig a t e  the spectroscopy r e s u lt  of the a n n ih i la t io n  pa irs  are  
l i f e t im e ,  angular co rre la t io n , and Doppler broadening measurments.
The behaviour of p ositron s in  the bulk of a s o l id  i s  d i f f e r e n t  from 
i t s  behaviour on the surface of the s o l id .  For example the l i f e t im e  
of the p o s itro n  in  the bulk i s  0.2  ns) while the l i f e t im e  of the  
p o s itro n  on the surface i s  (~ 0 . 4  ns) which i s  two times greater  (Jean  
e t  a l  1 9 8 4 ) .  The low energy positron  beam has rec en t ly  being used as 
a good technique to in v e s t ig a te  the behaviour of p ositron s  on the
surface of m ater ia ls  and th e ir  surface p roperties  by (M il ls  Jr 1 9 7 9 ) ,  
(M il ls  Jr e t  a l 1983) and (Lynn e t  al 1 9 8 5 ) .  When the slow positrons  
are implanted in to  metal some d if fu se  back to  the surface where 
they may e i th e r  become bound or may leave the surface. Most p ositrons  
d i f fu s  ing back to  the surface are not emitted as fr e e  p ositrons or Ps 
but become bound a t  the surface in  th e ir  image co rr e la t io n  p o ten t ia l  
w e l l ,  or become weakly bound to  the surface by van der Waals force  
(Platzman and Tzoor 1 9 8 5 ) .  M ills  Jr (1979) reported th at bound 
p os itro n s  are thermally desorbed from the surface as the temperature
i s  increased  to  form Ps which i s  then a n n ih ila ted ,  ( fo r  more d e ta i l
see chapter three s e c t io n  t h r e e ) .
The in v e s t ig a t io n  of positron  a n n ih ila t io n  in  graphite  and carbon 
black has been reported by West e t  a l  (197 9 ) ,  Shimotonai e t  a l (1 9 8 1 )  
and Berker e t  a l in  1 9 8 3 .  They reported the l i f e t im e  of the p os itron
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F i g ( 9 . 2 , l )  The v a r ia t io n  o f  F-parameter w ith  temperature fo r  
p o s i t r o n  a n n ih i la t io n  i n  g r a f o i l ,  w ith ou t any background sub­
t r a c t i o n s .  The standard d e v ia t io n  o f  F v a lu e  i s  + 0.0007*
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F i g O . 2 . 2 )  The v a r ia t io n  o f  F-param eter as fu n c t io n  o f  temperature  
f o r  p o s i t r o n  a n n ih i la t io n  i n  g r a f o i l ,  w ith  error  fu n c t io n  background 
s u b t r a c t io n .  The standard d e v ia t io n  fo r  F va lu e  i s  + 0 ,0 0 0 8 .
158
in  b u lk  g r a p h i t e  or carbon t o  be i n  th e  range . 1 9  ns t o  . 2 8  n s .  
Sh im o to n a i e t  a l  have o b serv e d  v a c a n c i e s  c r e a te d  i n  g r a p h i t e  a t  h ig h  
te m p era tu re s  i n  t h e  range 157  5K t o  1 7 7 5 K .  They a l s o  found th e  
l i f e t i m e  f o r  a f r e e  p o s i t r o n  a n n i h i l a t i o n  to  be 0 .2  ns and t h a t  o f  a 
tra p p ed  p o s i t r o n  t o  be 0 . 3 7  n s .  In 1 9 8 3  Jean  e t  a l  ob serv ed  two 
a s p e c t s  o f  p o s i t r o n  a n n i h i l a t i o n  w ith  l i f e t i m e s  o f  0 . 4  ns and 
T2=2.3 n s  i n  g r a p h i t e .  These l o n g - l i v e d  components have been  a s s ig n e d  
t o  be p o s i t r o n  a n n i h i l a t i o n  on th e  g r a p h it e  su r fa c e  and th e  i n t e r f a c e  
b etw een  c r y s t a l s .  The lo n g e r  l i f e t i m e  i s  a n n i h i l a t i o n  o f
o r t h o - p o s i t r o n iu m  ( p P s ) ,  t h i s  l i f e t i m e  i s  much s m a l le r  than  f r e e  oPs 
a n n i h i l a t i o n  ( 1 4 0  n s ) .  They b e l i e v e  th a t  th e  l i f e t i m e  of 2 . 3  n s  
i n d i c a t e  p i c k - o f f  a n n i h i l a t i o n  o f  oPs w i th  e l e c t r o n s  from th e  medium 
to  two p h o to n s .  The i n t e n s i t y  of t h i s  component v a r i e d  betw een  1 .5% 
a t  room te m p era tu re  to  7.5% a t  9 0 0  K. They a l s o  found t h e  a c t i v a t i o n  
en ergy  o f  p o s it r o n iu m  fo r m a t io n  on th e  s u r fa c e  o f t h e  g r a f o i l  to  be 
about E g = 0 . 2 2  e v .  In  t h i s  ch a p ter  we r e p o r t  on our ex p er im en t on 
p o s i t r o n  a n n i h i l a t i o n  i n  g r a f o i l  and p o s it r o n iu m  fo r m a t io n  on th e  
c l e a n  g r a f o i l  s u r f a c e .  The tem p eratu re  range f o r  i n v e s t i g a t i o n  was 
77  K t o  6 0 0  K.
Method:
Two p i e c e s  o f  g r a f o i l  ( e x f o l i a t e d  from g r a p h i t e  o f  99.999% p u r i t y )
3
each  w ith  a d e n s i t y  of 0 . 9 4  gr/cm  w ere  used  t o  p rep are  th e  sam ple.
3
The d im en s io n  o f  each p ie c e  was 12X10X.4 mm. The p o s i t r o n  so u rce  was
32
made from a c a r r i e r - f r e e  s o l u t i o n  o f  NaCl w ith  0 . 5  mCi s p e c i f i c  
a c t i v i t y ,  w h ich  was d e p o s i t e d  o n to  th e  c e n t r a l  a r e a s  o f  both  p i e c e s  o f  
g r a f o i l .  The t h i c k n e s s  o f  th e  sample was n o t  enough to  s to p  a l l  th e  
p o s i t r o n s ,  s i n c e  th e  s to p p in g  range  of p o s i t r o n s  i n  t h i s  sample was 
found t o  be 1.9mm ( s e e  ch a p ter  o n e ) .  The two p i e c e s  o f  g r a f o i l  were  
th en  put t o g e t h e r  i n  a sandwich c o n f i g u r a t i o n  and f i v e  e x t r a  s h e e t s  of
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F i g ( 9 . 2 . 3 )  The v a r ia t io n  o f  F-param eter w ith  tem perature f o r  
a n n ih i la t io n  o f  p o s i to n  in  g a r f o i l  i n  range 77 K to  600 K, w ith  
error  fu n c t io n  back ground s u b tr a c t io n .
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g r a f o i l  w i th  th e  same d im en s io n s  w ere  added t o  each  s id e  of th e  sou rce
sandwich and th e  arrangem ent wrapped i n  t h i n  aluminium f o i l .  The
—4
sp ec im en  was mounted i n  t o  th e  c r y o s t a t  and ev a c u a ted  t o  10 to r r
, c o o le d  down t o  77 K. Data was c o l l e c t e d  from 77 K t o  420 K
w ith  in c r e m e n t f  o f  10 K and te m p era tu re  s t a b i l i t y  of b e t t e r  than
0 . 5  K. The o b ta in e d  vacuum was found t o  be i n s u f f i c i e n t  and t h e r e f o r e
th e  f i r s t  r e s u l t s  w ere  not s a t i f a c t o r y .  The sample th en  t r a n s f e r r e d
t o  a fu rn a ce  and d ata  accum ulated  a t  tem p era tu res  v a r in g  from room
—6
tem p era tu re  to  600 K, under a vacuum of b e t t e r  than 10 t o r r .  The
t o t a l  c o u n ts  o v er  th e  peack  i n  two hours was a p p ro x im a te ly  600000 and
th e  tem p era tu re  s t a b i l i t y  was b e t t e r  than + 0 .5  K. A f t e r  r e p a i r  o f th e
c r y o s t a t  chamber system  th e  sample was t r a n s f e r r e d  back t o  th e
- 6
c r y o s t a t  and ev a c u a ted  t o  a vacuum o f  b e t t e r  than  10 t o r r .  Futher  
d a ta  was c o l l e c t e d  f o r  tem p era tu res  from 80 K t o  420 K w i th  an 
in crem en t o f 10 K and w i t h  th e  same tem p era tu re  s t a b i l i t y .
6 1 3
The g r a f o i l  sample has a h exagon a l s t r u c t u r e  w ith  9 .1X 10 m / m 
s u r f a c e  a r e a  ( e q u i v a l e n t  t o  9 . 6 8  m’/ g r ) .  The number of f r e e  e l e c t r o n s  
i n  g r a p h i t e  i s  j u s t  about one e l e c t r o n  per carbon atom (G a n g u li  e t  a l  
1 9 4 1 ) .
9 . 2 - L in e -sh a p e  param eter:
The F -p aram eter  r e s u l t s  f o r  both  w i th  and w ith o u t  background  
s u b t r a c t i o n  a r e  i l l u s t r a t e d  i n  f i g u r e s ( 9 . 2 . 1 ) ,  and ( 9 . 2 . 2 )  fo r  
te m p era tu re s  from 77 K t o  420 K. I t  can be se e n  t h a t  th e  F -param eter  
i s  a p p r o x im a te ly  a h o r i z a n t a l  l i n e  up t o  170 K, above w hich  i t
r i s e s  g r a d u a l l y . T h is  i n c r e a s i n g  o f  th e  F -param eter  above 170 K i s  n ot  
s i m i l a r  to  t h a t  fo r  o th e r  m e t a l s .  The in c r e a s e  i s ^ n e i t h e r  to  therm al  
ex p a n s io n  o f  th e  sample nor to  p o s i t r o n  t r a p p in g .  T h is  i s  b ecau se  th e  
form er ca se  would be in c o m p a t ib le  w i th  th e  sharp s lo p e  of F, and th e
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F i g ( 9 , 3 . 1 )  The G a u ss ia n  and p a r a b o l i c  w id th  components  a s  f u n c t i o n  
o f  t e m p e r a t u r e  f o r  p o s i t r o n  a n n i h i l a t i o n  i n  g r a f o i l .
162
LU
LD
C
LU
Ucr
LU
CL
<cu o
ûû
*<cr c
CL
TEMPERATURE (K)
F ig (9 * 3 * 2 )  The v a r ia t io n  o f  p a r a b o lic  i n t e n s i t y  as  fu n c t io n  o f  
tem perature f o r  p o s i t r o n  a n n ih i la t io n  i n  g r a f o i l .  The standard  
d e v ia t io n  i s  e st im a te d  as + 1 , 7 .
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h
l a t e r  c a s e  can occur  o n ly  a t  s u f f i c i e n t l y  h igh  te m p era tu re s  a t  l e a s t
A  /
157 5 K (Shim otom ai e t  a l  1 9 8 3 ) .  T h is  r i s e  i n  F—param eter c o n t in u e s  a t  
tem p era tu re  above 420 K^up t o  600 K. At th e  te m p era tu re  range betw een
170 K and 600 K t h e  change i n  F i s  about 4.8% which fids r i s e n  g r a d u a l ly
( f i g u r e ( 9 . 2 . 3 ) ) . Jean  e t  a l  (1 9 8 4 )  r e p o r te d  t h a t  th e  p o s i t r o n  
l i f e t i m e  i n  b u lk  g r a p h i t e  u s u a l l y  f e l l  i n  th e  range of 0 .1 9  tô  
0 . 2 8  n s ,  but a r e l a t i v e l y  long  l i f e t i m e  about 0 . 4  ns occured  in  
v a r i o u s  forms* of g r a p h i t e .  They a l s o  o b serv e d  a lo n g e r  l i f e t i m e ,  
a t t r i b u t e d  t o  th e  oPs component ( P i c k - o f f )  whose i n t e n s i t y  depended on 
te m p era tu re  and s u r fa c e  a rea  of g r a f o i l .
Hence th e  in c r e a s e  o f  t h e  F -param eter  above 170 K i s  p o s s ib l y  th e  
a n n i h i l a t i o n  o f  p o s i t r o n s  on th e  g r a f o i l  s u r fa c e  and i n t e r f a c e s  
b etw een  t h e  c r y s t a l s  r a t h e r  than  a n n i h i l a t i o n s  i n  t h e  b u lk .  The 
i n c r e a s e  can a l s o  be a t t r i b u t t e d  t o  low energy p o s i t r o n  i n t e r a c t i o n  
w ith  th e  s u r fa c e  o f  g r a f o i l ,  b eca u se  a s  m en t io n ed  t h e  sample had 
in c lu d e d ,  e x t r a  s h e e t s  o f  g r a f o i l  on each  s id e  of th e  sou rce  specim en.  
S in ce  th e  en d -en ergy  o f  p o s i t r o n s  from th e  so u rce  i s  0 . 5 4  Mev, they  
w i l l  n o t  s to p  i n  t h e  f i r s t  t h r e e  or fo u r  g r a f o i l  s h e e t s ,  but would be 
s low ed  and i n t e r a c t  w i t h  th e  o th e r  more o u te r  s h e e t s  i n  th e  way of a 
a low energy beam. T h is  m a k e f  i t  p o s s i b l e  f o r  p o s i t r o n s  to  p e n e tr a te  
th e  g r a f o i l  s h e e t  and d i f f u s e  back t o  th e  s u r fa c e  becoming bound a t
th e  s u r fa c e  ( M i l l s  J r  1 9 7 9 ) .
T h e r e f o r e  we can say th a t  th e  i n c r e a s i n g  F v a lu e  above 170 K i s  due t o  
d e s o r p t i o n  o f  p o s i t r o n s  from th e  s u r f a c e .  These p o s i t r o n s  can form Ps 
by c a p tu r in g  an e l e c t r o n  d ur in g  t h e i r  e sca p e  from th e  s u r fa c e  and th en  
be a n n i h i l a t e d .  To v e r i f y  th e  above argument th e  R -param eter was a l s o  
m easured . T h is  measurement i s  e x p la in e d  i n  th e  f o l l o w i n g  s e c t i o n s .
164
9 . 3 -L in e - s h a p e  a n a l y s i s :
The s p e c t r a  w ere  a n a ly s e d  by th e  c o n v o lu t io n  method u s in g  a 
l e a s t - s q u a r e  m in im iz a t io n  method. The r e s u l t  o f  t h i s  a n a l y s i s  i s  
i l l u s t r a t e d  i n  f i g u r e s ( 9 . 3  .1 )  , and ( 9 . 3 . 2 ) .  F igu r  e ( 9 .3 .1 ) shows th e  
p a r a b o la  and G a u ss ia n  w id th ,  which a re  s e e n  t o  be co m p le t ly  d i f f e r e n t  
t o  th  se  from p o s i t r o n  a n n i h i l a t i o n  i n  m e t a l s  such Cd and Sn. The 
d i f f e r e n c e s  a r e  a s  f o l l o w ;  th e  o b serv ed  p a r a b o la  w id th  i s  w id er  than  
p a ra b o la  w id t h s  i n  m e t a l s  w h i l e  th e  G a u ss ia n  w id th  i s  narrow er. The 
a v er a g e  p a ra b o la  w id th  i s  2 2 .7  c h a n n e ls  w h ich  i s  non tem p eratu re  
dependent and w h ich  g i v e s  th e  Fermi energy o f 1 7 .6 eV  fo r  g r a p h i t e .  
The G a u ss ia n  w id th  does n ot  change much from low tem p era tu res  t o  h igh  
te m p e r a tu r e s .  The change i s  about 1 .2  c h a n n e ls .  Hence th e  momentum 
of th e  c o r e  e l e c t r o n s  i n  g r a f o i l  i s  l e s s  th a n  t h e  e q u iv a l e n t  i n  m e ta l s  
and t h e  w id e r  p a ra b o la  w id th  r e p r e s e n t s  t h e  h ig h  e l e c t r o n  Fermi 
en er g y .
F i g u r e ( 9 . 3 .2 )  shows t h e  p a ra b o la  p e r c e n ta g e  w hich  i s  a l s o  o b serv ed  to  
be c o m p le te ly  d i f f e r e n t  from t h a t  of a n n i h i l a t i o n  i n  m e t a l s .  U s u a l ly  
p a r a b o la  p e r c e n ta g e  i s  e x p e c te d  t o  i n c r e a s e  when t h e  p o s i t r o n  becomes 
tra p p ed  i n  m o n o v a ca n c ie s ,  i n  m e t a l s  such as  cdmiinn, z i n c ,  indium  
(R ic e -E v a n s  e t  a l  1 9 7 8 b ) .  T h is  i m p l i e s  t h a t  p a ra b o la  p erc en ta g e  
sh ou ld  i n c r e a s e  as  a f u n c t i o n  o f  te m p era tu re ,  but a s  can be see n  in  
f i g u r e ( 8 . 3 .2 )  t h e  p a ra b o la  p e r c e n ta g e  d e c r e a s e s  as  a f u n c t i o n  o f  
tem p era tu re  f o r  p o s i t r o n  a n n i h i l a t i o n  i n  g r a f o i l .  T h is  s u g g e s t s  th a t  
th e  p o s i t r o n s  a n n i h i l a t e d  on th e  s u r fa c e  o f  th e  sample r a t h e r  than  i n  
t h e  b u lk .  A n oth er  p o s s i b i l i t y  i s  t h a t  bound p o s i t r o n s  a t  th e  s u r fa c e  
a r e  d eso rb ed  t o  form Ps a s  th e  tem p eratu re  i s  in c r e a s e d  ( M i l l s  J r  
1 9 7 9 ) .  T h e r e f o r e  th e  G au ss ian  p e r c e n ta g e  in c r e a s e ^ o r  e q u iv a l e n t ly
I
p a r a b o la  i n t e n s i t y  d ecrease^  r e p r e s e n t s  tliç a n n i h l a t i o n  o f  bound 
p o s i t r o n s .  T h e r e fo r e  i t  can be f u r t h e r  s a id  t h a t  t h i s  d e c r e a s e  i n
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F i g ( 9 . 4 . 1 )  T h e  v a r i a t i o n  o f  R - p a r a m e t e r  w i t h  t e m p e r a t u r e  f o r  
g r a f o i l  s p e c i m e n .  T h e  s t a n d a r d  d e v i a t i o n  f o r  R v a l u e  i s  +  0 , 0 0 1 .
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p a r a b o la  i n t e n s i t y  from 33% t o  a p p r o x im a te ly  3% i s  p r o p o r t io n a l  to  
p o s it r o n iu m  f r a c t i o n  on t h e  s u r fa c e  of g r a f o i l  im p ly in g  th a t
a p p r o x im a te ly  30% o f  d eso rb ed  p o s i t r o n s  form p o s itro n iu m  a t  h ig h
tem p era tu re s  (420  K ) .  The f i t t i n g  i s  s a t i s f a c t o r y  b ecau se  th e
Ok
c h i - s q u r e d  p er  d eg re e  o f  freedom l i e s  b etw een  .96 and 1 . 3 .
9 .4 -P o s i t r o n iu m  f r a c t i o n s :
The R -param eter was in t r o d u c e d  i n  ch a p ter  V and g i v e s  a m easure of  
th e  r e l a t i v e  change i n  two photon  e m is s io n s  t o  t h r e e  photon e m is s io n s .  
In p r a c t i c e  to  sea rch  f o r  th e  fo r m a t io n  o f  o r t h o - p o s i t r o n iu m ,  which  
e n t a i l s  t h r e e  gamma-rays d e c a y s ,  th e  co u n ts  i n  t h e  w h o le  511 keV 
p h o to -p e a k  (A) and o f  a ch o sen  band o f  ch a n n e ls  (B) in  th e  Compton 
r e g io n ,  c o r r e sp o n d in g  t o  an energy  o f about 340keV w ere used  f o r  R. 
Both A and R(=A/B) w i l l  be i n d i c a t o r s  o f  th e  s t r e n g t h  o f th r e e  photon  
e v e n t  (o P s )  d e c a y s  (Lynn and Lutz 1 9 8 0 ) .  The r e s u l t i n g  R -p aram eters
a r e  shown i n  f i g u r e ( 9 . 4 . 1 ) .  I t  can be se e n  from th e  f i g u r e  th a t  th e  
graph i s  a p p r o x im a te ly  h o r i z o n t a l  below 170 K. As tem p era tu re  r i s e s  
above 170 K t h e  R -param eter d e c r e a s e s .  T h is  d e c r e a s e  i n  R as  a 
f u n c t i o n  o f  tem p era tu re  r e p r e s e n t s  i n c r e a s i n g  oPs fo r m a t io n .  In th e
low tem p era tu re  r e g io n  below  170 K p o s i t r o n s  a re  bound on th e  s u r fa c e  
of  g r a f o i l  and no s ig n  o f  p o s it r o n iu m  fo r m a t io n  i s  o b serv e d  but as  th e  
tem p era tu re  i s  i n c r e a s e d  t o  above 17 0 K, t h e s e  p o s i t r o n s  a re  th er m a l ly  
d e s o r b e d ( M i l l s  J r  1979) and th e n  form Ps by c a p tu r in g  an e l e c t r o n  i n  
th e  medium d u r in g  e sc a p e  from th e  s u r f a c e .  T h is  p r o c e s s  i s  s i m i l a r  to  
t h a t  o b s e r v e iw it h  low energy p o s i t r o n  beams i n t e r a c t i n g  w i t h  s u r f a c e s  
( M i l l s  J r  197 9 ,1 9 8 0  and Lynn e t  a l  1 9 8 5 ) .
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9 . 5 - T h e o r e t i c a l  e x p r e s s io n  f o r  R -param eter:
M i l l s ,  Jr  e t  a l  found t h e  p o s i t r o n s  on th e  s u r fa c e  th er m a l ly  a c t i v e
and found  t h e  r e l a t i o n  b etw een  Ps f r a c t i o n  and te m p era tu re  as  ;
( f - f „ ) / ( f „ - f ) = Z ( T ) . ^ '
where Z=Zq( T ) . e x p ( - E g /k T ) , Z i s  th e  r a t e  of ocu rren ce  of th e
e n e r g e t i c a l l y  fo r b id d e n  d e s o r p t io n  p r o c e s s .  f^ and a re  th e  low and
h ig h  te m p era tu re  l i m i t  v a l u e s  o f  f  r e s p e c t i v e l y  and 1 i s  th e
a n n i h i l a t i o n  r a t e  o f s u r fa c e  bound p o s i t r o n s  and i s  tem p eratu re
in d e p e n d e n t .  A s i m i l a r  e x p r e s s io n  was u sed  t o  f i t  th e  R -param eter;
R=[R| + R ^ A .e x p ( -E g /k T )] / [ l+ A .  e x p (-E g /k T )]  ( 9 . 5 . 1 )
w here Eg i s  th e  a c t i v a t i o n  energy o f  p o s it r o n iu m  and i s  g iv e n  as
Eg=Eg+%_-6.8 ev .  Eg i s  th e  b in d in g  energy  o f th e  p o s it r o n iu m  atoms on
th e  s u r f a c e ,  i s  th e  e l e c t r o n  work f u n c t i o n ,  4eV fo r  g r a p h i t e ,  and
f i n a l l y  6 .8 eV  i s  th e  p o s i t r o n - e l e c t r o n  b in d in g  e n e r g y .  R^  i s
p o s i t r o n iu m  f r a c t i o n  a t  th e  low te m p era tu re  l i m i t  and R  ^ i s  p o s i t r o n
f r a c t i o n  a t  th e  h ig h  tem p eratu re  l i m i t .  A i s  a c o n s ta n t  and i s  g iv e n  
10
a s  A = (8.335X10 ) / 7  . The r e s u l t  of t h e  f i t t i n g  i s  shown i n  
f i g u r e ( 9 .5 .1  a) and t h e  param eter v a l u e s  g iv e n  i n  t a b l e ( 9 . 5 . l b ) .
E g=(0 .2 2 5 + 0 .0 0 3 )  ev  
4  — 1
A = ( 2 .4 7 ± 0 .6 ) X 1 0  K 
R, = ( 0 .5 1 1 + 0 .0 0 0 3 )
= ( 0 .5 0 1 + .0 0 0 5 )
t a b l e ( 9 . 5 . l b )
The a c t i v a t i o n  energy w as, worked out u s in g  a l l  th e  p o i n t s  i n  th e  
f i t t i n g  o f  th e  R -param eter w i t h  e x p r e s s io n  ( 9 . 5 . 1 )  and was found t o  be 
i n  good agreem ent w i th  th e  v a lu e  w hich  was found by Jean  e t  a l  as  
E g = (0 .2 3 + .0 3 )e V .  Jean  e t  a l  u sed  t h e  s im p le  e x p r e s s io n  
r = u . e x p ( - E g / k T )  where i s  fr eq u e n c y  o f  t h e  Ps fo r m a t io n .  I f  we use a
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F i g ( 9 . 5 . 1 a )  T h e o r e t ic a l  f i t t i n g  " ex p ress io n  ( 9 . 5 . 1 ) "  to  R-parameter  
( s o l i d  l i n e )  as  fu n c t io n  o f  tem perature f o r  g r a f o i l  specim en.
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s im p le  e x p r e s s io n  l i k e  R=R^+C EXPC-Eg/kT) which i s  s i m i l a r  to  t h a t  of  
J ea n  e t  a l  ( 1 9 8 4 ) ,  th e  a c t i v a t i o n  en ergy  would come to  Ea=0.08eV which  
i s  f a r  from t h e  v a lu e  found by them. The g o o d n ess  o f  f i t  
( c h i - s q u a r e d )  in  t h i s  ca se  i s  a l s o  found t o  be w o r se .
The v a lu e  o f th e  b in d in g  energy o f Ps atoms w i th  th e  s u r fa c e  of
g r a f o i l  was found t o  be E s = (3 .0 2 + .0 0 0 5 ) e V .
9 .6 -G eo m etr ic  o r i e n t a t i o n  o f  th e  sample:
The c r y s t a l  s t r u c t u r e  of g r a p h it e  i s  hexagon a l and t h e  e l e c t r o n s  a re  
bounded t o  n u c lu s  a s a - s h a p e  and tt- shape i n  th e  atom (V a le n c e  p l0 2 )  . 
The m o b i l i t y  of e l e c t r o n s  i n  g r a p h i t e  i s  one e l e c t r o n  per carbon atom 
(G a n g u l i  e t  a l  1 9 4 1 ) .  Having t h e s e  p r o p e r t i e s  th e  g e o m e tr ic  
o r i e n t a t i o n  o f th e  sample may have some e f f e c t  on t h e  p o s i t r o n  
a n n i h i l a t i o n  l i n e  sh ape . These e f f e c t s  on th e  a n n i h i l a t i o n  l i n e  shape 
w ere f i r s t  ob serv ed  by Berko e t  a l  (19 5 7 )  in  a n g u la r  c o r r e l a t i o n
m easurem en ts .  They found th e  spectrum of th e  p o s i t r o n  a n n i h i l a t i o n  
w ith  a -b o u n d  e l e c t r o n s  i n  a d i r e c t i o n  p e r p e n d ic u la r  to^ h ex a g o n a l p la n e  
( c - a x i s )  t o  be d i f f e r e n t  from p o s i t r o n  a n n i h i l a t i o n  w i th  n-bound  
e l e c t r o n s  i n  a d i r e c t i o n  p a r a l l e l  t o  th e  h ex a g o n a l p la n e .  They 
s u g g e s t e d  t h a t  th e  a n n i h i l a t i o n  o f  p o s i t r o n s  w i t h  e l e c t r o n s  w h ich  
moved p a r a l l e l  t o  th e  c - a x i s  was d i f f e r e n t  to  e l e c t r o n s  w h ich  moved
p e r p e n d ic u la r  t o  th e  c - a x i s .  Measurments, from w hich  th e  F -param eter
was fo u n d , w ere made w i t h  v a r in g  sample o r i e n t a t i o n s ,  a t  80 K, s e e  
f i g u r e ( 9 . 6 . 1 ) .  A part from th e  F -param eter v a lu e  th e  a n g le  o f  90 ;
w h ich  seems t o  be due to  h ig h  s c a t t e r i n g  o f  Gamma-rays through  th e
sample h o ld e r ,  th e  F -p aram eter  r e a c h e s  a maximum a t  70 . T h is  im p ly s  
t h a t  th e  l i n e - s h a p e  spectrum  depends on t h e  o r i e n t a t i o n  o f  th e  sam ple.  
In d i r e c t i o n  o f  our measurment ( c - a x i s )  th e  e f f e c t i v e  mass o f  th e  
e l e c t r o n s  i s  l a r g e  w h ich  caused th e  F -param eter  t o  be minimum a t
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F i g ( 9 . 6 . 1 )  The v a r ia t io n  o f  F-param eter w ith  g eo m e tr ica l  r o t a t io n  
o f  th e  sample specimen fo r  p o s i tr o n  a n n ih i la t io n  in  g r a f o i l ,  a t  8o K,
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ze ro  a n g le .  T h is  b eca u se  th e  a  and n  e l e c t r o n s  u n ifo r m ly  and y i e l d s  a 
momentum d e n s i t y  th a t  o n ly  s l i g h t l y  ex ten d ed  a lo n g  t h e  c - a x i s  (Reed e t  
a l  1 9 7 4 ) .  The p a r b o la  and G a u ss ia n  w id th s  o f  th e  l i n e - s h a p e s  change  
a s  th e  sam ple o r i e n t a t i o n  i s  a l t e r e d .  The p a ra b o la  w id th  changed from  
23 c h a n n e ls  t o  2 0 .3  c h a n n e ls  and th e  G a u ss ia n  w id th  from 1 7 .7  c h a n n e ls  
t o  1 6 .8  c h a n n e ls .  The p a ra b o la  p erc en ta g e  a l s o  changed from 3 5% t o  
15%.
9 .7 -C o n c lu s io n :
The r e s u l t s  o b ta in e d  from th e  a n n i h i l a t i o n  o f  p o s i t r o n s  w ith
e l e c t r o n s  i n  g r a f o i l  a re  summarised as  f o l l o w :
1 ) P o s i t r o n  a n n i h i l a t i o n  i n  g r a f o i l  and Ps fo r m a tio n  a t  th e  s u r fa c e  of  
g r a f o i l  w ere  ob serv ed  t o  be tem perature  dependent.
2 )T he F -p aram eter  i s  te m p era tu re  d ep en dent .  I t  a l s o  depends on th e  
o r i e n t a t i o n  o f  th e  sam ple, because  more a n n i h i l a t i o n s  o f  p o s i t r o n s  
seem t o  a n n i h i l a t e  w i th  e l e c t r o n s  moves i n  c - a x i s  th an  e l e c t r o n s  moves 
i n  p e r p e n d ic u la r  to  c - a x i s .
3 )T h e  r e l a t i v e  change i n  both  th e  t o t a l  area  o f  spectrum  and R
p a ram eter ,  was o b serv e d  and can be a t t r i b u t e d  t o  th e  fo r m a t io n  o f
o r th o p o s i tr o n iu m  on t h e  s u r fa c e  o f th e  sample and i s  tem p eratu re
d ep en d en t .  T h is  l e a d s  us to  con c lu de  t h a t  th e  therm al d e s o r p t io n  
p r o c e s s  o f  p o s i t r o n s  i s  a s u r f a c e - t r a p p in g  mechanism w hich  was
p rop osed  i n  t h e  slow  p o s i t r o n  method (Lynn 1 9 7 9 ,  M i l l s  J r  197 8 b ) .
4 )T h e  a c t i v a t i o n  en ergy  o f p o s itro n iu m  fo r m a t io n  c a l c u l a t e d  from  
e x p r e s s io n  ( 9 . 5 . 1 )  comes t o  Eg=(0 .2 2 5 + .0 0 3 )eV  w hich  i s  r e a s o n a b le  
agreem ent t o  t h a t  of J ea n  e t  a l .
5 )T he o b s e r v a t io n  o f  a d e c r e a s in g  p a ra b o la  p e r c e n ta g e  i s  an anomalous  
e f f e c t  compared t o  m e t a l s .  I t  can be s u g g e s te d  t h a t  p o s i t r o n s  
d eso rb ed  th e r m a l ly  from t h e  s u r fa c e  can form Ps by c a p tu r in g  an
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e le c tr o n  of the medium during th e ir  escape. Most of th is  resu lta n t  Ps 
seems to  be in  the t r i p l e t  s ta te  (oPs) which can decay to three photon 
( s e l f - a n n ih i la t i o n )  or can pick—o ff  an e le c tr o n  from the medium an«i 
decay in to  two photons.
6)The parabola widths are greater than the corresponding Gaussian 
w idths which i s  opposite  to that found for  m eta ls ,  th is  may be due to  
the high Fermi energy of the g r a fo i l  e lec tro n s .
The above r e s u l t s  are concluded from observing p o s itro n  a n n ih ila t io n  
on a c lean  g r a fo i l  surface in  a range of temperatures from that of 
l iq u id  n itrogen  to  420 K, 420 K being very far from the m elting point  
of g r a f o i l .  The threshold temperature for  the creation  of 
monovacancies in  the graphite was to  be found 157 5 K which again i s  
fa r  from the range covered. Therefore the fa c t  that the increase  in  
the F-parameter was found approximately l in e a r  i s  undoubteledly  
because of a n n ih ila t io n  of p ositrons on the surface which are 
thermally desorbed and not in  monovacancies or d is lo c a t io n s  e tc .
I t  i s  reasonable to study whether the so ca l le d  positronium formation  
e f f e c t  on the clean  g r a fo i l  surface mentioned in  t h i s  chapter i s  a lso  
observeable when the sample i s  exposed to  gases . The adsorption of 
gases on condensed matter i s  an old  subject but the phenomena's study 
by the p os itron  a n n ih ila t io n  method i s  new,' i t  has been recently  
observed by Jean e t  al ( 1 9 8 5 ) .  In the next chapter we in v e s t ig a te  the 
adsorption  of some gases with our g r a fo i l  sample as the substrate , by 
means of the Doppler broadening method.
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Chapter X P o s i t r o n  a n n i h i l a t i o n  w i th  argon condensed on g r a f o i l .
1 0 . 1 - I n t r o d u c t io n  and method:
The phase t r a n s i t i o n  o f  g a s e s  a t  low tem p eratu re  was d i s c u s s e d  in  
c h a p te r  th r e e  and i t  was m entioned  t h a t  th e  c o o l in g  gas  m o le c u le s  a re  
more a t t r a c t i v e  to  c o ld  s u b s t r a t e s  under van der Waals f o r c e s .  Argon  
i s  one o f th e  n o b le  g a s e s  w hich  i s  adsorbed on th e  s u r f a c e s  o f  a c o ld  
s u b s t r a t e  such as  a m e t a l .  In most a d s o r p t io n  ex p er im en ts
g r a p h i t e  i s  used  b eca u se  o f i t s  la r g e  and e n e r g e t i c a l l y  uniform  
s u r fa c e  a r e a .  The a d s o r p t io n  of th e  gas on th e  s u r fa c e  of s u b s t r a t e  
depends on vapour p r e s s u r e  and tem p eratu re  as  was d e s c r ib e d  i n  ch a p ter  
t h r e e .
There a re  so f a r  many i n v e s t i g a t i o n s  re p o r te d  on argon  adsorbed  on 
th e  g r a p h i t e  by many d i f f e r e n t  m ethods, such as low energy e l e c t r o n  
d i f f r a c t i o n  (LEED), n eu tro n  d i f f r a c t i o n ,  c a l o r i m e t r i c  m easurm ents,  
e t c .  But, r e c e n t l y ,  th e  p o s i t r o n  a n n i h i l a t i o n  te c h n iq u e  was a l s o  used  
to  i n v e s t i g a t e  m onolayer a d s o r p t io n  o f th e  g a s e s  on th e  s u r f a c e s  of  
m a tte r  (J ea n  and Zhou 1 9 8 5 ) .  They found th e  m onolayer o f argon on 
g r a p h i t e  ( e x f o l i a t e d )  a t  77K and a p r e s s u r e  of l e s s  than  5 t o r r  w ith  
amount o f 136 CC o f  argon . They a l s o  m entioned  t h a t  th e  p o s i t r o n  
l i f e t i m e  i s  in c r e a s e d  a s  a f u n c t i o n  of coverage  up t o  t h e  maximum a t  
th e  h a l f  co v e r a g e ,  and th en  i s  d e c r e a s e d .
In  c a l o r i m e t r i c  measurment a t  77K, Rouquerol e t  a l  (1 9 7 7 )  found t h a t  a
i i t
anomalous e f f e c t  occured  i n v a p o u r -  p r e s s u r e  graph of argon on
g r a p h i t e  a t  1 2 .6  t o r r .  They e s t im a te d  t h a t  th e  a rea  o f each argon
o 2
m o le c u le  which  was o ccu p y in g  th e  s u r f a c e ,  t o  be 1 2 .5  A . L a ter  Kjms 
e t  a l  (1 9 8 0 )  r e p o r te d  t h a t  t h i s  anomaly may be due to  o r d e r - d is o r d e r  
t r a n s i t i o n  o f  t h e  argon on th e  s u r fa c e  o f g r a f o i l .  The t r a n s i t i o n  o f  
argon  from s o l i d  t o  l i q u i d  and th e n  to  gas was o b serv ed  by Jean  and
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Zhou (1 9 8 5 )  u s in g  p o s i t r o n  l i f e t i m e  m easurm ents. T h e ir  g r a f o i l  sample
had a s u r fa c e  a rea  o f 2 1 .2  m / g r  (560  m ) r e l a t i v e  t o  our sample w i th
2 7
a s u r fa c e  a re a  o f 9 .6 8  m / g r  ( 5 .  m ) .  T h e re fo re  i t  can be e s t im a te d  
t h a t  th e  amount o f gas  needed f o r  a com plete  m onolayer of argon on th e  
g r a f o i l  sample i s  a p p ro x im a te ly  1% o f  th e  volume they  n eed ed . In  t h i s  
ch a p te r  we d e s c r ib e  th e  a d s o r p t io n  behaviour  o f argon on g r a f o i l  by 
u se  o f p o s i t r o n  a n n i h i l a t i o n  t e c h n iq u e .
Method:
The e x f o l i a t e d  g r a p h i t e  (a s  g r a f o i l )  so u rce  specim en  w hich  was used
in  the graphite experiment, was used once again as a su bstra te .  F ir s t
of a l l  the sample specimen was kept at a temperature of 400 K for a
—6
few h ours ,  under vacuum of 10 t o r r .  Then i t  w a s c o o le d  t o  room
te m p era tu re ,  and argon  gas w i th  a p u r i ty  o f 99.999% was t r a n s f e r e d ,
from th e  c y l i n d e r ,  t o  th e  chamber under h igh  p r e s s u r e  ( n o t e :  b e f o r e
do in g  t h i s ,  a l l  vacuum pumping l i n e s  from th e  c y l i n d e r  to  th e  chamber
—6
w ere ev a c u a ted  t o  10 t o r r  f o r ,  a t  l e a s t ,  one h o u r ) .  The p r e s s u r e  of  
th e  argon  was read  from th e  gauges above th e  chamber t o  be
(1520+ 10) t o r r  a t  room tem p eratu re  and th e  volume was e s t im a te d  t o  be 
a p p r o x im a te ly  300 CC. The argon gas was kept in  th e  chamber f o r  a t
l e a s t  one n ig h t  a t  room tem p eratu re  to  l e t  enough gas  d i f f u s e  i n t o  th e
sam ple, fo r  th e  c r e a t i o n  o f l a y e r s .  The sample th e n  was c o o le d  down 
a t  l i q u i d  n i t r o g e n  tem p eratu re  (from room te m p e r a tu r e ) ,  and th e
p r e s s u r e  dropped from 1520 to r r  to  200 t o r r  remained
during the r e s t  of the experimental work. According to the  
r e s u l t s  of Jean and Zhou^s experiment in  agreement with th is  work only  
a few CC of the was enough for f u l l  area coverage.
Therefore, the amount of gas which was allowed in  was much more than 
that needed for  monolayers creation . The data accumulation started  
a f te r  equilibrium temperature was f^GcLed, for 2 hour per run and over
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Fig(10.2.1) F-parameter versus temperature for argon adsorbed on 
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deviation of F value is + 0.0006.
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a tem p era tu re  range of 80-220K w i t h  in c rem en ts  o f  5 K. The 
tem p era tu re  s t a b i l i t y  was b e t t e r  than  ± 0 .1  K.
1 0 . 2 - L in e -sh a p e  param eter:
The l i n e  shape param eter (F -p aram eter)  was c a l c u l a t e d  (u s in g  an 
e r r o r - f u n c t i o n  background s u b t r a c t io n )  and i s  i l l u s t r a t e d  in  
f i g u r e ( 1 0 . 2 . 1 )  a s  a f u n c t i o n  o f tem p era tu re .  I t  can be see n  th a t  th e  
F -p aram eter  depends on th e  tem p eratu re  and a sm a l l  in c r e a s e  of about 
1% in  F i s  ob serv ed  a p p ro x im a te ly  a t  120 K. Comparison w ith  th e  
F -p aram eter  f o r  p o s i t r o n  a n n i h i l a t i o n  on th e  c l e a n  s u r fa c e  of g r a f o i l  
( c h a p te r  n in e )  shows t h a t  t h i s  r i s e  a t  120 K i s  u nd ou bted ly  due to  th e  
p o s i t r o n  i n  argon gas on th e  su r fa c e  of th e  g r a f o i l .  The p r o p e r t ie s  
o f  argon  gas i n d i c a t e d  t h a t  i t  sh ou ld  be f l u i d  above 88 K and 
t h e r e f o r e  i t  can be ex p e c te d  t h a t  a f l u i d  l a y e r  w i l l  be formed on th e  
g r a f o i l  s u r fa c e  a t  t h i s  tem p eratu re  and p r e s s u r e  s i n c e  h ig h  p r e s s u r e  
i s  a s s o c i a t e d  w i th  h igh  tem p eratu re  f o r  a d s o r p t io n  (Kjems e t  a l  1 9 7 6 ) .  
T h is  i n c r e a s e  in  F a t  120 K s u g g e s t s  t h a t  as  th e  s u b s t r a t e  i s  c o o l in g  
down from th e  h ig h e r  tem p eratu re  (160 K ),  th e  argon  gas i n t e r a c t  w i th  
th e  c o o l i n g  s u b s t r a t e  and a la y e r  b u i l d s  up. During t h i s  p r o c e s s  
bound p o s i t r o n s  ca p tu r e  an e l e c t r o n  from a gas m o le c u le  a t  th e  su r fa c e  
durind  t h e i r  e sca p e  to  form p o s it r o n iu m . The d e c r e a s e  of F below
120 K s u g g e s t s  t h a t  i t  i s  due t o  an i n c r e a s i n g  d e n s i t y  of th e  argon a t
t h e  s u r fa c e  (m u lt i  l a y e r s )  and a s  t h i s  d e n s i t y  i n c r e a s e s ,  th e  p o s i t r o n  
l i f e t i m e  d e c r e a s e s  (Tao 1969 , Canter and R o e l l i g  1 9 7 6 ) .  A nother  
p o s s i b l i t y  fo r  t h i s  d e c r e a se  i s  t h a t  th e  p o s i t r o n  can n ot d i f f u s e  back  
t o  s u r fa c e  (Lynn e t  a l  1 9 8 3 ) .  The b eh av iou r  o f th e  p o s i t r o n  on th e
s u r f a c e  above 150 K i s  s i m i l a r  to  th e  p o s i t r o n  i n t e r a c t i o n  w ith
th e  c l e a n  s u r fa c e  (c h a p te r  n i n e ) .  T his  q u e s t i o n  as t o  whe!i?J  ^ th e  
maximum v a lu e  o f  F ob serv ed  a t  120 K can be a t t r i b u t e d  t o  a m onolayer
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Fig(10.3.1) The variation of the R-paraneter as a function of 
temperature for argon condensed on grafoil* The standard dev­
iation of R value estimated as ^ 0*0003*
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c o v e ra g e  of argon m o le c u le s  on th e  g r a f o i l  s u r fa c e  i s  a fundam ental
on e .  U n fo r tu n a te ly  th e r e  i s  no im m ediate answer to  t h i s  q u e s t i o n  a t
t h i s  s ta g e  w ith  p r e i s e n t  equipment and e x p e r im e n ta l  c o n d i t i o n s .  The
i n c r e a s e  o f th e  F-param ete r  i s  due to  p a ra p o s itro n iu m  e m is s io n  or
o r th o p o s i t r o n iu m  p i c k - o f f  by an e l e c t r o n  o f  medium. On th e  o th er  hand
oPs d eca y s  t o  t h r e e  p h o to n s ,  t h e i r  e n e r g ie s  b e in g  d i s t r i b u t e d  between  
2
z e r o  and nu c . T h e r e fo r e  th e  l i n e - s h a p e  spectrum  should^changes and 
i t  w ould  be e x p e c te d  t h a t  th e  R-param eter g i v e s  a c l e a r e r  r e s u l t  than  
th e  c o r r e s p o n d ig  F -p aram eter  (n e x t  s e c t i o n ) .
1 0 . 3 -P o s i t r o n iu m  f r a c t i o n  (R -p aram eter):
The r a t i o  o f two photon  d ecays  t o  t h r e e  photon d eca y s  (R -param eter)  
was c a l c u l a t e d  and th e  r e s u l t  i s  shown i n  f i g u r e ( 1 0 . 3 . 1 ) .  By 
com parison  o f  t h i s  R-param eter w i th  t h a t  from th e  g r a f o i l  work, where 
i t  i s  c l e a r  th a t  in  th e  range of 80 K t o  170 K th e  v a lu e  o f R i s  f l a t  
( s e e  c h a p ter  n i n e ) ,  th e  v a lu e  i n  argon  d e c r e a s e s  by a p p ro x im a te ly  2.2% 
w ith  r e s p e c t  t o  th e  low er  p o in t  a t  122 K. T h is  d e c e a s e  i s  due to  th e  
a n n i h i l a t i o n  o f  p o s i t r o n s  on th e  s u r fa c e  o f  g r a f o i l  w ith  argon g a s .  
The d e c r e a s e  of R to  a minimum v a lu e  a t  122 K i s  a s s ig n e d  to  oPs 
fo r m a t io n  on t h e  s u r fa c e  of th e  g r a f o i l .  The i n c r e a s e  of R above  
120 K co u ld  be due t o  d e s o r b t io n  o f  th e  argon  gas  from th e  s u r fa c e ,  
and th e n  th e  b eh av iou r  of th e  p o s i t r o n  i s  t h a t  o f  a p o s i t o n  on a c le a n  
s u r f a c e .  The argon  i s  f l u i d  above 85 K and t h e r e f o r e  i t  i s  p o s s i b l e  
th a t  p o s itro n iu m  b u b b le s  a r e  formed i n  f l u i d  argon  (V a r la s h k in  197 1 ,  
and Canter and R o e l l i g  1 9 7 5 ) .  T h is  i s  a n o th er  e x p ia  n a t io n  f o r  th e  
minimum p o in t  a t  120 K. The in c r e a s e  o f  R below 120 K m igh t be due to  
i n c r e a s i n g  gas  d e n s i t y  on t h e  s u r fa c e  (C anter and R o e l l i g )  or becau se  
p o s i t r o n s  can n o t  d i f f u s e  back t o  t h e  s u r fa c e  due t o  th e  c r e a t i o n  o f  
m u l t i l a y e r s  o f  argon  gas (Lynn e t  a l  1 9 8 3 ) .  The bubble  fo r m a tio n  on
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F i g ( l o . 4 . 1 )  shows th e  R -param eter f i t t i n g  t h e o r e t i c a l l y  by
e x p r e s s io n  ( 1 0 . 4 . 2 ) .
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th e  s u r fa c e  o f th e  g r a f o i l ,  due to  c o n d e n s a t io n  o f  th e  gas i s  an o th e r  
p o s s i b i l i t y  which i s  a l s o  r e p o r te d  by Jean  and Zhou f o r  l i q u i d  argon  
w ith  a l a r g e  l i f e t i m e  component. Our r e s u l t  i s  d i f f e r e n t  from t h a t  of 
J ea n  and Zhou s ( 1 9 8 5 ) ,  b ecau se  o f th e  d i f f e r e n t  c o n d i t io n s  o f  th e
e x p e r im e n t .  They c o n t r o l l e d  th e  amount o f th e  gas  t h a t  they put in ,
t h e r e f o r e  they  o b serv ed  th e  t r a n s i t i o n  o f  th e  argon  gas from s o l i d  to
l i q u i d  and th e n  to  gas  by o b s e r v in g  th e  i n c r e a s e  in  th e  p o s i t r o n
l i f e t i m e .  T h is  e f f e c t  was n ot  ob serv ed  i n  our exper im ent b ecau se  th e  
amount o f argon co u ld  n o t  be as  c a r e f u l l y  c o n t r o l l e d .  In c o n c lu s io n ,  
i t  seems p o s s i b l e  t h a t  many l a y e r s  a r e  c r e a te d  on th e  s u r fa c e  of  
g r a f o i l  a t  low tem p era tu re .
1 0 . 4 - T h e o r e t ic a l  f i t t i n g  on th e  R -param eter:
The e x p r e s s io n  used  by M i l l s  J r  and Lynn f o r  th e  f i t t i n g  o f  th e  
p o s i t r o n iu m  f r a c t i o n  as  a f u n c t i o n  o f  tem p era tu re  i s
f= ( fQ + f^ .L Z ) / ( l+ F .^ Z )  ( 1 0 . 4 .  a)
w here Z=Zq (T ) e x p ( - E g /k T ) , Eg i s  a c t i v a t i o n  energy o f p o s itro n iu m  ( f o r  
more e x p la n a t io n  s e e  ch a p ter  t h r e e ) ,  F i s  t h e  a n n i h i l a t i o n  r a t e  of
s u r f a c e  bound p o s i t r o n s  and  ^ te m p era tu re  ind ep en d en t  . A s i m i l a r  
e x p r e s s io n  t o  th e  above was used  t o  f i t  th e  R -param eter frcm th e  
minimum p o in t  ( 1 2 0  K) t o  t h e  r i g h t  of th e  peak. I t  was a l s o  assumed  
t h a t  th e  p r o b a b i l i t y  o f  a n n i h i l a t i o n  o f  a p o s i t r o n  w i th  a argon
m o le c u le  i s  p r o p o r t io n a l  to  th e  co v era g e  (X) o f  th e  gas on th e  s u r fa c e
o f  g r a f o i l ,  th en  i t  can be w r i t t e n  a s ;
-1  -1  
R=[R^+R|  . X . Z q . F . E x p ( - E g / k T ) ]  / [  1+X.Zq . F . e x p ( E ^ / k T ) ]  ( 1 0 . 4 . b )
Where Eg i s  a c t i v a t i o n  energy and Rj , R  ^ a re  th e  low and h ig h  l i m i t s
v a lu e  o f  R-param eter and X i s  th e  co v era g e  o f th e  gas on th e  s u r fa c e
o f  t h e  sam ple . The co v era g e  i s  c a l c u l a t e d  under two d i f f e r e n t
a s s u m p t io n s .  F i r s t l y  by assuming t h a t  t h e  f i l m  s s i t e  i s  f i x e d ,  th e
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F i g ( l o , 5 , l )  shows th e  p a r a b o l a  and G a u s s ia n  w id th  v e r s u s  t e m p e r a t u r e  
o f  a r g o n  a d s o r p t i o n  on t h e  g r a f o i l .
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Langmiur m onolayer  form u la  can th en  be u sed .  The r e s u l t  of t h i s
f i t t i n g  i s  g i v e n  i n  t a b l e  ( 1 0 . 4 . 1 a )  in  two c a s e s  l )E a = 0 ,  2 )E a^0.
1) Rh=(0 .516±0.0007)  2)
R.= (0 .504+ 0 .0006 )
E = ( 0 .0 5 1 + 0 .0 0 8 )  ev
 ^ 9
G = ( 2 .9 + 0 .5 ) X l 0
^q=(1 5 4 8 ± 9 8 )  K
X = (0 .0 1 7 + 0 .0 0 6 )
—  = 5 .4 9  
1/
R | = ( 0 . 5 0 5 + 0 .0 0 0 3 )
R = ( 0 .5 1 6 + 0 .0 0 0 3 )  
h
X = (0 .0 5 0 + 0 .0 0 9 )
£ = (2 1 2 2 + 1 6 0 )  K
A  = 3 .6 9
u
T a b l e ( 1 0 .4 .1 a )
Where S ^ i s  t h e  b in d in g  energy  of an argon  m o le c u le  on th e  s u r f a c e ,
and X i s  th e  c o v e r a g e * t h e s e  w ere  used  as  t h e  f i t t i n g  v a r i a b l e s .  I t  i s
e x p e c te d  t h a t  th e  v a lu e  o f  X t o  be equal t o  50% (J e a n  and Z hou ).  As
can be se e n  from th e  t a b l e ( 1 0 .4 .1  a) t h e  v a lu e  of X i s  v e r y  low and
p h y s i c a l y  i n c o n s i s t e n t .  I t  has been  m ention ed  t h a t  th e  argon  cou ld
n o t  be s o l i d  a t  such a tem p era tu re  and p r e s s u r e  but t h e  f l u i d  s t a t e  i s
p o s s i b l e ,  and t h e r e f o r e  th e  Boltzmann a p p ro x im a tio n  form ula  i s
s u i t a b l e  to  r e p la c e  t h e  above e x p r e s s io n .  The a rea  of an argon
o 2
m o le c u le  o c c u p ied  on th e  s u r fa c e  i s  r e p o r te d  t o  be 1 2 .5  A which i s  
used  (Rouquerol e t  a l  1 9 7 6 ) .  Our r e s u l t  i s  g iv e n  i n  t a b l e  ( 1 0 . 4 . 1 b )  
fo r  two c a s e s  and i t  i s  shown i n  f i g u r e ( 1 0 . 4 . 1 ) .
R ,= ( 0 .5 1 6 + 0 .0 0 0 6 )  2)
h
R, = (0 .5 0 7 + 0  .0 0 0 7 )  
fo=(1273+34) K
4 = 3.69
1) .  E a=(0 .0 3 2 + 0 .0 0 6 )  ev
G = ( 3 .4 ± 0 .3 )X 1 0  
R ^ = (0 .5 1 6 ± 0 .0 0 0 3 )
R,= ( 0 .5 0 3 + 0 .0 0 0 5 )
^o=( 1142+28) K 
- = 5 . 3 0
T a b l e ( 1 0 .4 .1 b )
The r e s u l t s  shown in  t a b l e ( 1 0 . 4 . 1 b )  a r e ^ r e c c a n a b le  than  ^ above
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F i g ( l o . 3 .2 )  The p a r a b o la  p e r c e n ta g e  v e r s u s  tem p era tu re  o f  argon  
a d s o r p t io n  on th e  g r a f o i l .  The s ta n d a rd  d e v i a t i o n  o f  p a ra b o la  
p e r c e n ta g e  i s  4 2 % .
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and co v e ra g e  i s  found t o  be a p p r o x im a te ly  one f o r  t h i s  ca se  w hich  
seems r e a s o n a b le .  The a verage  b in d in g  energy  ~ (1208±33)K .
1 0 .5 -L in e - s h a p e  a n a l v s i s :
The l i n e - s h a p e  photopeak  was f i t t e d  by an i n v e r t e d  p a ra b o la  in  
c o n j u n c t io n  w ith  a G a u ss ia n ,  both  c o n v o lu te d  w i th  th e  same r e s o l u t i o n  
f u n c t i o n ,  w hich  was used  f o r  a n a l y s i s  o f  spectrum f o r  th e  o th e r  m e ta ls  
( s e e  p r e v io u s  c h a p t e r s ) .  The r e s u l t  o f  th e  f i t t i n g  by th e  CURFIT 
program ( a p p e n d e x ( l l ) ) ,  i s  shown i n  f i g u r e s ( 1 0 . 5 . 1 )  and ( 1 0 . 5 . 2 )  
r e s p e c t i v e l y .  The g o o d n ess  o f  th e  f i t t i n g  as  measured by th e  
c h i - s q u a r e  t e s t  i s  s a t i s f a c t o r y ,  as  i t  v a r i e s  from 0 .9 8  t o  1 . 2 7 .  
F i g u r e ( 1 0 . 5 . 1 )  shows th e  p a ra b o la  and G a u ss ia n  w id th s  as a f u n c t i o n  o f  
te m p era tu re .  I t  can be s e e n  from th e  graph t h a t  th e  p a rb o la  and 
G a u ss ia n  w id th  s ta y  a p p ro x im a te ly  c o n s t a n t .  The p a ra b o la  w id th  i s  an 
a v er a g e  o f 2 3 .3  c h a n n e ls  and i s  much g r e a t e r  than  p a ra b o la  w id th s  in  
m e t a l s  such as t i n  and cadmium. The G au ss ian  w id th  i s  an a verage  o f  
1 8 .5  c h a n n e ls  and d oes  n o t  depend on te m p era tu re .  The p a ra b o la  
p e r c e n ta g e  i s  shown i n  f i g u r e ( 1 0 . 5 .2 )  and i s  tem p era tu re  d ep en dent .  
As can be se e n  from th e  d iagram , th e  p a ra b o la  p e r c e n ta g e  of p o s i t r o n s  
a n n i h i l a t i n g  i n  argon  condensed  on th e  g r a f o i l  s u r f a c e s  i s  d ec r e a se d  
by about 10% a p p ro x im a te ly  a t  120 K compared w i t h  t h a t  of th e  c le a n  
s u r f a c e .  T his  d i f f e r e n c e  may be due to  th e  p o s it r o n iu m  i n t e n s i t y  on 
t h e  s u r f a c e s  o f  th e  g r a f o i l  caused  by i n t e r a c t i o n  o f th e  p o s i t r o n  w ith  
argon m o l e c u l e s .  The r e s u l t  o f  th e  p a ra b o la  p e r c e n ta g e  i s  c o m p le t ly  
d i f f e r e n t  when compared t o  t h a t  in  m e t a l s .  I t  seems t o  be due to  t h e  
p o s i t r o n  i n t e r a c t i o n  on th e  s u r f a c e ,  and th e  Ps formed sh o u ld  be 
m o s t ly  in  t h e  form o f  oPs s in c e  th e  w id th  o f th e  p arab o la  has n o t  
changed (F ig  1 0 . 5 . 1 ) .  However a sharp d e c r e a s e  was ob serv ed  i n  
p a ra b o la  w id th  f o r  oxygen  ( s e e  ch a p ter  1 2 ) .
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10 .6-Conclusion:
The a d s o r b t io n  o f  th e  argon  m o le c u le s  on th e  g r a f o i l  sample was 
o b serv e d  by p o s i t r o n  fo r m a tio n  on th e  s u r fa c e  o f th e  sam ple. The 
maximum p o s itro n iu m  e m is s io n  was o b serv e d  a p p r o x im a te ly  a t  120 K from  
R and F param eter g ra p h s .  The R and F p a ra m eters  w ere found t o  be 
tem p era tu re  d ep en dent .  The d e c r e a s e  below 120 K c o u ld  be due to  an 
i n c r e a s e  o f argon atoms on t h e  s u r fa c e  r e s u l t i n g  i n  p o s i t r o n s  b e in g  
u n a b le  t o  d i f f u s e  back t o  th e  s u r fa c e  to  form p o s itro n iu m  (Lynn e t  a l  
1 9 8 3 ) .  There a l s o  seems t o  be m u l t i l a y e r  c r e a te d  below 120 K, and an 
i n c r e a s i n g  R v a lu e  above 120 K d e n o te s  th e  m e l t in g  o f  th e  argon l a y e r s  
on th e  s u r f a c e .  The b eh av iou r  o f th e  p o s i t r o n  i s  s i m i l a r  to^*^*a  
c l e a n  s u r fa c e  a t  h ig h e r  tem p era tu res  (o v e r  150 K ) .  T his
i m p l i e s  t h a t  p o s i t r o n s  a r e  bound a t  image p o t e n t i a l s  or by van der  
Waals f o r c e s  on th e  s u r f a c e .  These r e s u l t s  w ere n o t  th e  same as  
i s o th e r m a l  m easurements made by Jean  and Zhou. They c l e a r l y  o b serv ed  
t h e  phase t r a n s i t i o n  o f  t h e  argon gas  from s o l i d  t o  l i q u i d  and th e n  t o  
g a s ,  but we d id  n o t .  The r e a so n  f o r  th a t  i s  t h e  d i f f e r e n t  c o n d i t io n s  
o f  exp er im en t ( t h e  d i f f e r e n t  s u r fa c e  a re a  o f sam ple and amount o f  
argon a c t u a l l y  u s e d ) .  Some improvement of th e  system  i s  n e c e s s a r y  fo r  
th e  i s o th e r m a l  exper im ent to  be perform ed.
The R v a lu e  was f i t t e d  w i t h  e x p r e s s io n  ( 1 0 . 4 . b) and t h e  average  v a lu e  
o f  th e  b in d in g  en ergy  o f  argon on th e  g r a p h i t e  s u r fa c e  was found t o  be 
fo= (1208+ 32) K, th e  r e s u l t a n t  a c t i v a t i o n  energy  b e in g  computed t o  be 
E a = ( .0 3 2 + .0 0 5 )  eV, which i s  v e r y  s m a l l .  I t  can be concluded  t h a t  no 
therm al d e s o r p t io n  o f  p o s i t r o n s  from th e  s u r fa c e  has o ccu red .  The 
r e l a t i v e  change i n  th e  v a lu e  of p a ra b o la  i n t e n s i t y  a t  120 K t o  t h a t  of  
th e  c l e a n  s u r fa c e  a n a l y s i s  i s  (10±2)% and i s  a s s i g n e d  t o  be due to  
p o s it r o n iu m  e m is s io n  frcmi th e  s u r f a c e .  U n fo r t u n a te ly  th e  system  was 
n o t  co m p lete  to  m easure th e  co v era g e  a t  120 K. The coverage  o f
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m onolayer g a s e s  depends on p r e s s u r e  and tem p era tu re  as  m ention ed  by 
Kjems e t  a l  who i n d i c a t e d  t h a t  th e  h ig h  vapour p r e s s u r e  i s  a s s o c i a t e d  
w ith  h ig h  tem p eratu re  f o r  th e  same co v era g e  o f th e  ga s  on th e  s u r fa c e  
of a c o ld  s u b s t r a t e .  T h e r e fo r e  i t  i s  e x p e c te d  t h a t  by changing th e  
p r e s s u r e ,  t h e  p o s i t i o n  o f  th e  minimum in  th e  R -param eter a l s o  ch an ges .  
In t h e  n ex t  ch a p ter  th e  exp er im en t i s  perform ed f o r  n i t r o g e n  
a d s o r p t io n  on th e  s u r fa c e  o f th e  sample w i t h  d i f f e r e n t  vapour  
p r e s s u r e s  t o  i n v e s t i g a t e  th e  changes i n  th e  p o s i t i o n  o f  th e  minimum 
v a lu e  i n  R.
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Chapter XI Positron  an n ih i la t io n  in  the n itrogen  condesed on the
K
surfaces  of g r a fo i l
1 1 .1 - I n t r o d u c t i o n  and method:
Adsorption of n itrogen  molecules on the g r a fo i l  has been 
in v e s t ig a te d  for many years by d if fe r e n t  methods. Most of the 
measurements were isothermal measurements at low temperature, and very  
few at l iq u id  n itrogen  temperatures. Phy^isorption i s  governed by van 
der waals fo rces  and information on the growth, phase and r e g is tr a t io n  
of f i lm s  as a function  of temperature has been acquired from isotherms
and calorim etry stud ies  of n itrogen, argon, oxygen e tc  on graphite
/
Miner e t  al 1 9 8 3 ,  and Stolkenberg e t  a l 1 9 8 0 ,  with neutron d if fr a c t io n  
methods Kjems e t  al 1 9 7 6 ,  NMR (n u c l^  magnetic resonance) Cowan 1977 
and low energy e lec tro n  d if fr a c t io n  (LEED) Toney and Fain 1 9 8 4 ,  and by 
many other methods.
Recently the in te r a c t io n  of slow positron  beamSwith surfaces has been 
used to  show that positrons are p r e fe r e n t ia l ly  a ttrac ted  to  the 
surface and the r e s u lt in g  positron  a n n ih ila t io n  s ig n a ls  are thus 
enhaced for  surface s ta t e s .  Then Jean and Zhou 1985 observed 
monolayers of argon and n itrogen  on the surfaces of g r a fo i l  by using  
p o s itro n  l i f e t im e  measurements. Because p os itrons  are very sen st iv e  
to  surface contamination, i f  any atoms or m olecules are adsorbed on 
the surface pos itron  in tera c t  with these to form, m ostly , positronium. 
In 1977 S tee le  found the p o ten t ia l  w e l l  depth of the n itrogen  
m olecules  bound to  the surface (binding energy) of the graphite to be 
2190 Cal/mol corresponding to  1110 K. In 197 5 Bruch again ca lcu lated  
the binding energy of the n itrogen  molecule on the g r a fo i l  to be 
L=1159 K, Which i s  d i f fe r e n t  to  S t e e l e ' s  v a lu e .  The d ifference  
between these  two va lues  i s  because of the e f f e c t  of
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q u a d ra p o le—quad rap o le  i n t e r a c t i o n s  w hich  o n ly  Bruch to o k  a cco u n t  o f .
The other in te r e s t in g  r e s u l t  for n itrogen  adsorbed on graphite i s  the
t r a n s i t i o n  o f  d is o r d e r e d  s i t e s  i n t o  ord ered  s i t e s  o f  n i t r o g e n
m o l e c u l e s  (Kjems e t  a l  1975 and D ie h l  e t  a l  1 9 8 1 ) .  N i tr o g e n  has a
s o l i d  s t r u c t u r e  on th e  c o ld  s u b s t r a t e  s u r f a c e s  below  6 4 . 5K, w ith  a
t r a n s i t i o n  t o  a f l u i d  s t r u c t u r e  above 85 K (L a r th e r  1 9 7 7 ) ,  which i s
b e f o r e  t h i s  v a lu e  70 K was r e p o r te d  by Dash and Chuge ( 1 9 7 4 ) .
Recently the t r i c r i t i c a l  point (coex istence  of three phase), of
n i t r o g e n  on g r a p h i t e  was re p o r te d  by Miner e t  a l  (1 9 8 3 )  t o  occur a t
8 5 .3 7  K. T h e r e fo r e  i t  w i l l  be e x p e c te d  t h a t  a m on o layer  o f n i t r o g e n
m o l e c u l e s  on th e  c o ld  s u b s t r a t e  a t  th e  h ig h  p r e s s u r e s  a s s o c i a t e d  w ith
h ig h  te m p era tu re s  i s  r e g i s t e r e d  as  a f l u i d  m on o layer  n ot  a s o l i d .
Jean and Zhou observed the monolayer of n itrogen  on the surface of
g r a f o i l  a t  77 K w i th  138 CC o f  n i t r o g e n  and vapour p r e s s u r e  of l e s s
than 5 to rr .  The number of molecules per unit area from th is  amount
18
of n itrogen  can be ca lcu la ted  to be about 6 .5X 10  molecules per unit  
area, This i s  in  good agreement with the value ca lcu la ted  from our
18 g 2
experiment (see  se c t io n  1 1 .4 )  n =6.37X10 moleculs/m .
Method:
The properties  of the specimen have been explained in  previous
chapters. After the argon was pumped out, th'e sample was kept at rocm
—6
te m p era tu re  under a vacuum of b e t t e r  than 10 t o r r  f o r  4 8  h o u rs ,  and 
th e n  a t  a p p r o x im a te ly  400 K f o r  an oth er  a few h o u r s ,  t o  be su re  th a t  
t h e  sam ple a re a  was c le a n e d  o f  a l l  t r a c e s  o f  argon  g a s .  A f t e r  
a l l o w in g  t h e  sample tem p eratu re  to  drop t o  room te m p era tu re ,  n i t r o g e n  
ga s  o f  p u r i t y  99.99% was l e t  i n t o  th e  sample chamber. ( n o t e ,  a l l  th e  
l i n e s ,  from th e  n i t r o g e n  c y l in d e r  up t o  th e  sample chamber w ere  kept  
under vacuum f o r  a few h o u r s ) .  The f r e e  sp ace  volum e of th e  sample  
chamber was found t o  be a p p ro x im a te ly  300 CC. N i t r o g e n  gas  was
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GRAFOIL (WITH NITROGEN)
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TEMPERATURE (K)
F i g ( 1 1 . 2 * l )  F o r  n i t r o g e n  a d s o r b e d  o n  t h e  g r a f o i l  s p e c i m e n ,  t h e  
c h a n g e  i n  F - p a r a m e t e r  a s  a  f u n c t i o n  o f  t e m p e r a t u r e .  T h e  s t a n d a r d  
d e v i a t i o n  o f  F  v a l u e  i s  +  0 . 0 0 1 .
190
^ p
i n s e r t e d  i n t o  th e  chamber to ^ p r e s s u r e  o f  two atomosphei^s (1520  t o r r )  
a t  room tem p era tu re  and th e  system  l e f t  over  n ig h t .
The f o l l o w i n g  morning t h e  c r y o s t a t  dewars were f i l l e d  w i t h  l i q u i d  
n i t r o g e n  and t h e  sample chamber a l lo w ed  t o  drop from room te m p era tu re  
t o  l i q u i d  n i t r o g e n  te m p era tu re  which i t  d id  so  i n  a p p r o x im a te ly  
30  min. The p r e s s u r e  was found t o  drop frcm 1520 t o r r  to  
a p p r o x im a te ly  700 t o r r .  Once an e q u i l ib r iu m  tem p era tu re  had been  
rea ch ed  d a ta  a cc u m u la t io n  was s t a r t e d  from 80 K t o  250 K w i th  5 K 
te m p e r a tu r e  in c rem en ts  and a tem perature s t a b i l i t y  o f  b e t t e r  than  
+ 0 .5  K. Two s e t s  o f  runs w ere c o l l e c t e d  from forw ard  runs (sam ple  
b e in g  h e a t e d )  and backward runs (sam ple b e in g  a l lo w e d  t o  c o o l )  w ith  
in t e r m e d ia t e  tem p era tu res  b e in g  ch osen  f o r  th e  backward ru n s .  A f t e r  a 
b reak  a new s e t  o f  runs was s t a r t e d  w ith  n i t r o g e n  i n  chamber t h i s  t im e  
a t  lo w er  p r e s s u r e  than b e f o r e  (260 to r r  a t  80 K ).  Then th e  d ata  was
a ccu m u la ted .  Two f u t h e r  s e t  of measurements w ere ta k e n  w ith  sample
chamber p r e s s u r e  redu ced  by e v a c u a t io n  from th e  i n i t i a l  260  t o r r  to  
110 t o r r  and th e n  to  18 t o r r  a t  80 K. The tem p eratu re  range fo r  t h e s e
two s e t s  was 80 K t o  170 K. These fo u r  m easurem ents con c lu d ed  t h e
n i t r o g e n  ex p er im en t .
1 1 .2 -L in e - s h a p e  param eter:
The F -p aram eter  was o b ta in e d  i n  th e  same manner as p r e v io u s ly  
d e s c r ib e d  and i s  shown in  f i g u r e ( 1 1 . 2 .1 )  ( t h e  second  s e t  of  
m easurm ents a r e  w i th  e r ro r  f u n c t i o n  background s u b t r a c t i o n ) .  The same 
e f f e c t  a s  was o b serv e d  i n  argon i s  a l s o  o b serv e d  f o r  n i t r o g e n  (1.2% 
in c r e a s e  on F ) .  But a s  i t  can be see n  th e  p o s i t i o n  o f  th e  maximum 
v a lu e  o f  F i s  d i f f e r e n t ,  i t  i s  a t  1 2 7 .5  K f o r  th e  secon d  m easurem ents .  
By com parison  o f  t h i s  F -param eter diagram w ith  t h e  F -param eter  f o r  
p o s i t r o n  a n n i h i l a t i o n s  on a c le a n  s u r f a c e s  o f  g r a f o i l ,  one s e e  s
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F i g ( 1 1 ,3 .1 )  The v a r ia t io n  o f  R-parameter w ith  tem perature f o r  
n itr o g e n  adsorbed on th e  g r a fo i l .T h e  standard d e v ia t io n  o f  R 
i s  ±  0 .0 0 0 6 .
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that an in creases  in  the F value at  127.5  K, undoubtely occurs because 
of p os itron  a n n ih ila t in g  with n itrogen  m olecules on the surface of the  
sample. The p o s it io n  of the peak (maximum point of the F) depends on 
the pressure of the gas. I t  i s  observed that the p o s it io n  of the peak 
changes from the high temperature of 140 K, asso c ia ted  with the high 
pressure of 790 torr (a t  the peak) to  low temperatures a sso c ia ted  with  
lower . pressures . This i s  c lea r ly  shown by the R-parameter (see  
next sec t io n )  on c lean  surfaces of g r a fo i l  ( s e e  chapter n ine) the  
F-parameter in creases  above 170 K and i s  f l a t  between 80 K and 170 K 
(apart from the general sca tter  in  the p o in t s ) .  The increase above 
170 K i s  a ttr ib u ted  due to thermal desorption of positron s  or 
positronium from the surface (M ills  Jr 1 9 83 ) .  The increase of the
F-parameter below 170 K for n itrogen  on g r a fo i l  as temperature
decrease to  127.5  K (maximum value of F) i s  a t tr ib u ted  to  p os itron  
in te r a c t io n s  with n itrogen  m olecules on the surface and the escape 
from the surface of the Ps formed by th is  in te r a c t io n .  At the maximum 
value of F the monolayer may be complete, th is  i s  d iscr ibed  in  la t e r  
s e c t io n s .  The d ec lin e  in  F-parameter below 127.5 K suggests  the  
in creasin g  of the gas density  (m ultilayer  of the gas) and th erefore  
the pos itron s  or Ps being an n ih ila ted  fa s t e r ,  than being able to  
escape from the surface. Another explanation i s  that the pos itron s  
can not d if fu s e  back to  the surface(Lynn e t  al 1 9 8 3 ) .  The p o s it io n  of  
the peak was found to  change from 140 K to  127.5 K, to  119 K and then
to  105 K as the pressure was reduced from 790 to 290,  130 and then to
30 torr  (peaks pressures) r e s p e c t iv e ly .
The change in  the p o s i t io n  of the maximum value in  F-parameter as a 
fu n ct io n  of pressure g iv es  us a cer ta in  idea that the n itrogen  on the  
surface of g r a fo i l  i s  f lu id  and c o n s is t s  of layer s . This r e s u l t  i s  
completely d if f e r e n t  from Jean and Zhou's (1985)  r e s u l t  because the
193
amount of n i t r o g e n  th a t  we exposed  t h e  g r a f o i l  t o  was more than  
r e q u ir e d  f o r  s i n g l e  l a y e r  c o v e r a g e s ,  and a l s o  t h e  p r e s s u r e s  w ere  
h ig h e r .  T h e r e fo r e  i t  can n ot be e x p e c te d  t h a t  th e  t r a n s i t i o n  o f  
n i t r o g e n  from s o l i d  to  l i q u i d  or f l u i d  t o  be ob serv ed  i n  t h i s  
e x p er im en t  i s  th e  same as  th a t  in  J ea n  and Z hou 's  ex p e r im e n t .
1 1 . 3 - The p o s i t r o n  f r a c t i o n  param eter (R -p a ra m eter ) :
The R -param eter which i s  th e  r a t i o  of 2 F /3 F  d e c a y s  o f  p o s itro n iu m  
was c a l c u l a t e d .  Any v a r i a t i o n  i n  t h e  p hotopeak  spectrum  would  
d i r e c t l y  a f f e c t  th e  R -param eter. F i g u r e ( l l . 3 . 1 )  i l l u s t r a t e s  th e  
R -param eter  v e r s u s  tem p eratu re  fo r  one s e t  of d a ta .  The minimum v a lu e  
o f  R shows when th e  r a t e  of o r th o p o s i tr o n iu m  (oP s ) e m is s io n  from th e  
s u r f a c e  o f sample i s  maximum. The peak r e p r e s e n t s  about a 2.2% change  
i n  t h e  R -param eter from th e  low tem p eratu re  r e g io n .  The R-param eter  
shows t h e  i n t e r a c t i o n  o f  p o s i t r o n s  w i th  n i t r o g e n  m o le c u le s  more 
c l e a r l y  than  F.
The p o s i t i o n  w i th  r e s p e c t  t o  tem p eratu re  of t h i s  minimum changes w i th  
d i f f e r e n t  n i t r o g e n  p r e s s u r e s  f i g u r e ( l l . 3 . 2 ) .  F i g u r e ( l l . 3 . 2 )  shows th e  
R -param eter  as a f u n c t i o n  o f tem p eratu re  f o r  th e  fo u r  d i f f e r e n t  s e t s  
o f  e x p e r im e n ts .  I t  c l e a r l y  shows t h a t  th e  minimum v a lu e  of R moves 
from 140 K t o  1 2 7 .5 ,  119 K and f i n a l l y  t o  105 K w i th  r e s p e c t  t o
p r e s s u r e s  a t  th e s e  p o in t s  o f  7 9 0 ,  2 9 0 ,  1 3 0 ,  and 30 t o r r  r e s p e c t i v e l y .
N i t r o g e n  i s  f l u i d  above 85 K (L a rth er  1977) t h e r e f o r e  th e  l a y e r s  o f
n i t r o g e n  on th e  g r a f o i l  are  f l u i d  l i k e  not s o l i d  l i k e ,  t h i s  i s  th e
im p o rta n t  d i f f e r e n c e  betw een  our ex p er im en t and J ea n  and Z hou 's  
e x p e r im e n t .  However th e  changing p o s i t i o n  o f  th e  peak  i n  our r e s u l t s  
shows t h a t  l a y e r  depends on n i t r o g e n  p r e s s u r e s .  The tem p era tu res  o f  
th e  minimum v a lu e s  i n  th e  R-param eter change a c c o r d in g  t o  p r e s s u r e s  a t  
t h e s e  minima ,. The coverage  a t  t h i s  minimum i s  assumed t o  be th e
LU
LU
5001
0 ÎOO 200
194
.520
œ . 5 1 5
LU
<  .510
Cü .505
.500
.530
.525
LU 520
<  .515 
CL 
I
C C  .510
505
500'
0 2001 0 0
.525
g  .520
LU
CC  .5  0
.505
100
TEMPERATURE (K) TEMPERATURE (K)
Formation of orthopositronium: the R-parameter as a function, 
o f  temperature for  n itrogen  at pressures  o f  (a) 130 to r r ,
(b) 290 to r r ,  (c) 790 to r r ,  (d) 3^ to r r ,  showing th e  displacem ent  
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same f o r  a l l  th e  c a s e s  and t h i s  makes i t  p o s s i b l e  to  f i n d  a 
t h e o r e t i c a l  e x p r e s s io n  f o r  th e  coverage  a t  th e  minimum p o i n t s ,  and 
a l s o  f o r  th e  b in d in g  energy o f th e  gas m o le c u le  on th e  s u r fa c e  o f  
g r a f o i l .  In  th e  n ex t  s e c t i o n  i t  i s  shown how we f i t t e d ,  by two 
t h e r o r e t i c a l  e x p r e s s io n  (Langmuir and B o ltzm a n n ) ,  th e  p r e s s u r e s  
c o r r e sp o n d in g  t o  th e  minima tem p eratu res
1 1 »4~The dependence o f coverage on p r e s s u r e :
As i s  shown in  f i g u r e ( 1 1 . 3 .2 )  th e  p o s i t i o n  o f  th e  minimum in  th e
R -param eter changes as p r e s s u r e  ch an ges .  Two t h e o r e t i c a l  e x p r e s s io n s
w ere  u sed  t o  f i t  t h i s  da t a , F irs t^ T h e  p r e s s u r e  v e r s u s  tem p era tu re  was
5/2
f i t t e d  by th e  e x p r e s s io n  P =C onst .(T ) . e x p ( - f / k T ) [ X / ( l - X ) ]  where X i s  
co v era g e  ( t h e  Langmiur m onolayer fo r m u la ) .  The i s  th e  b in d in g  
en ergy  o f  n i t r o g e n  m o le c u le s  on th e  s u r f a c e .  I t  i s  assumed t h a t  th e  
n i t r o g e n  m o le c u le  i s  f i x e d  a t  s i t e s  on t h e  s u r f a c e .  The r e s u l t  of  
t h i s  f i t t i n g  g i v e s  us th e  v a lu e  f o r  b in d in g  en ergy  of ^ = (1 1 8 6 + 2 4 )  
w hich  i s  i n  r e a s o n a b le  agreem ent w i th  v a l u e s  o f  Bruch and o t h e r s ,  but 
t h i s  v a lu e  co rresp o n d s  t o  a coverage  of 0.5% which i s  an u n b e l i e v a b l e
V, MSf _
v a l u e .  The m eanig less^  o f  t h i s  v a lu e  of X shows t h a t  th e  e x p r e s s io n  of  
Langmuir i s  n o t  u s e f u l  fo r  t h i s  data  and i s  n o t  s a t i s f a c t o r y .  But,  
however^ n i t r o g e n  w i l l  be f l u i d  a t  th e s e  tem p era tu res  (L a r th r e  1977)  
im p ly in g  t h a t  i t  i s  u n j u s t i f i e d  to  b e l i e v e  th e  n i t r o g e n  m o le c u le  i s  
f i x e d  a s  s o l i d  on th e  s u r fa c e  of th e  s u b s t r a t e  s i t e s .  T h e r e fo r e  th e  
m o le c u le s  a re  moving on th e  s u b s t r a t e  su r fa c e  and th e  2-D Boltzm ann  
a p p r o x im a t io n  e x p r e s s io n  i s  u s e f u l .  Assuming th e  R -param eter minima 
f o r  n i t r o g e n  i n  f i g u r e ( l l . 3 . 2 )  corresp on d  t o  th e  same c o v e r a g e s  n in  
each  c a s e ,  w here n i s  t h e  numberof th e  m o le c u le s  per u n i t  a r e a .  The
fo u r  minima can be f i t t e d  by th e  2-D a d s o r p t io n  e q u a t io n
3 /2
P =A .(t ) . e x p C -fg /k T )  where A and g a r e  v a r i a b l e  p aram eters  and
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Fig(11.4,l) Boltzmann approximation "expression (3*4.5*5)< ” is 
fitted to the displacement of the peak in Ps formation of nitrogen 
adsorbed on the grafoil, with pressure.
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3/2 V2
^ ~ h . A / [ ( k )  (2  7Tm) ] and where h i s  Planless c o n s ta n t  and m th e
m o le c u la r  mass o f  th e  gas and k i s  Boltzmann''s c o n s t a n t .  The r e s u l t
o f f i t t i n g  y i e l d e d  th e  b in d in g  energy  of th e  n i t r o g e n  m o le c u le  on th e
s u b s t r a t e  t o  be ^ = (1168+11) K w hich  a g r e e s  r e a s o n a b ly  w ith  th eo ry
^^1110 K ( S t e e l e  1 9 7 7 ) ,  ^=1159 K (Bruch 1983) and c a l o r i m e t r i c
measurm ents f^=1177 K (Rouquerol e t  a l  v a lu e  r e p o r te d  by S t e e l e ) .  The
v a lu e  o f n i s  found from th e  v a lu e  o f A =(1 9 9 8 .6 + 1 3 4 .9 )  and g i v e s  
18
n = ( 6 . 3 7 + 0 . 4 3 )X10 mol m , which can be compared w i t h  an e s t im a te d
d e n s i t y  f o r  100% c o v e r a g e .  The v a lu e  n , number o f th e  n i t r o g e n
m o l e c u l e s  per u n i t  a re a  i s  i n  good agreem ent w ith  th a t  found by Jean
and Zhou (1 9 8 5 )  and Kjems e t  a l  ( 1 9 7 5 ) .  Assuming t h e  f l u i d  t o  be
" t r i a n g u l a r l y  packed" and ta k in g  a v a lu e  of 4 .1  A° f o r  Ng-N^ n e a r e s t
n e igh b ou r  d i s t a n c e  on th e  su r fa c e  s t r u c t u r e  ( s t e e l e  1 9 7 7 ) ,  t h i s  n
-2 0
corresponds’ t o  a co v era g e  X=15.7X10 .n  . F urther ta k in g  th e  a re a
o ^
o c c u p ie d  by one n i t r o g e n  a s  15.7  A (J ea n  and Zhou 198 5 ,  R o q u ero l l  e t  
a l  197 5 ) .  The co v era g e  X found X=( 1 .0+0 .01 ) , a t  th e  minimum v a lu e  of  
R -p aram eter ,  which i s  n o t  in^good agreem ent w ith  J ea n  and Zhou ( 1 9 8 5 ) .  
They found maximum Ps e m is s io n  a t  h a l f  c o v e r a g e ,  by l i f e t i m e  
m easurem ents  o f  iso th erm  s a t  77 K. But why th e  p o s it r o n iu m  e m is s io n  
i s  maximum a t  f u l l  co v era g e  i s  a fundam ental q u e s t i o n  w hich  needs to  
be s o lv e d  i n  t h e  f u t u r e  by u s in g  a p r o p e r 'p r e s s u r e  gauge and p rop er  
volum e measurment g a u g es .  In f i g u r e ( l l . 4 . 1 )  i s  shown th e  f i t  f o r  peak  
p o s i t i o n  and p r e s s u r e  a t  th e  peak f o r  th e  fo u r  ru n s .
1 1 . 5 -R -param eter  f i t t i n g :
The a ssu m p tio n  i s  made th a t  th e  p o s itro n iu m  f r a c t i o n  p r o b a b i l i t y  i s  
p r o p o r t io n a l  to  th e  co v era g e  of th e  gas  on t h e  s u r fa c e  o f th e  
s u b s t r a t e .  The e x p r e s s io n  used  f o r  th e  f i t t i n g  o f  R ( r i g h t  s i d e )  was 
m en tio n ed  i n  th e  p r e v io u s  ch a p ter  ( 1 0 . 4 . b ) .  T h e o r e t i c a l l y  i t  i s
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F i g ( 1 1 .5 .1 )  T h e o r e t ic a l  f i t t i n g  to  th e  r ig h t  s id e  o f  R-parameter  
f o r  second s e t  o f  n i t r o g e n  runs.
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p o s s i b l e  t o  apply  form ula ( 1 0 . 4 . b) t o  f i t  th e  i n d i v i d u a l  peaks on th e
r i g h t  hand s lo p e  of each peak, in  w hich  X t h e  co v era g e  i s  c a l c u l a t e d
by th e  Langmiur or Boltzmann form u la ,  and w here E i s  t h e  a c t i v a t i o n
a
e n e r g y .  In th e  f i r s t  t r y  when th e  Langmiur form u la  was used  f o r  th e
c o v e r a g e ,  param eters  w ith o u t  an ob v iou s  p h y s i c a l  meaning emerged and
t h e  b in d in g  energy on average  come to  ^=1880 K w h ich  i s  v e r y  h igh
compared w i t h  th eo ry  and corresp on ds t o  v e r y  low c o v e r a g e .  T h is  i s
e x p e c t a b le  b ecau se  a t  h igh  tem p eratu res  above 85 K th e  n i t r o g e n  must
be f l u i d  n o t  s o l i d .  The Langmuir form ola  was th e n  r e p la c e d  by
Boltzm ann a p p ro x im a tio n  and th e  r e s u l t s  from f i t t i n g  t h e  R -p aram eter ,
2
assum ing a re a  o cc u p ied  by a n i t r o g e n  m o le c u le  1 5 .7  AP i s  g i v e n  i n
t a b l e C l l  . 4 .1  a) fo r  two c a s e s  on th e  second ( t h a t  a t  1 2 7 .5  K) o f  th e
e x p e r im e n t .  The f i r s t  case  b e in g  w i th  s e t  eq u a l to  z e r o  and second
w i t h  E^ as  a param eter .  These r e s u l t s  a r e  j u s t i f i e d  t o  be b e t t e r  than
t h e  p r e v io u s  r e s u l t  b ecau se  th e  average  b in d in g  en ergy  i s  much c l o s e r
t o  a c c e p t e d  v a lu e  than b e f o r e .
1) Rj^=(0.516+0 .0007) 2) E ^ = (0 .0 1 2 + 0 .0 0 7 )  ev
9
R |= ( 0 .4 9 9 + 0 .0 0 0 6 )  G = ( 4 .3 0 + 0 .4)X 10
E^=(1181+40) K R ^ =(0 .5 2 1 + 0 .0 0 0 9 )
^ = 3 . 4 8  R = ( 0 .5 0 6 + 0 .0 0 0 5 )V
e^=(1107+21) K
# 7 . 5
T a b l e ( 1 1 .4 .1 a )
I t  i s  co n c lu d ed  t h a t  p o s itro n iu m  e m is s io n  i n c r e a s e s  a s  a m onolayer  
b u i l d s  up and d e c r e a s e s  as  th e  h i l a y e r  d ev e lo p  s .  The d e c r e a s e  a t  low  
t e m p era tu re  (80 K) i s  b ecau se  th e  d e n s i t y  of th e  gas  has in c r e a s e d  
( m u l t i l a y e r s )  and p o s itro n iu m  i s  a n n i h i l a t e d  b e f o r e  b e in g  a b le  to  
e s c a p e .  The f i t t i n g  f o r  th e  second s e t  o f  e x p e r im e n ta l  data  i s  shown 
i n  f i g u r e ( 1 0 . 4 . 1 ) . The a verage  b in d in g  energy  c a l c u l a t e d  by f i t t i n g
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F i g ( l l , 6 . 1 )  The v a r ia t io n  o f  the  width param eters o f  th e  Gaussian  
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F i g ( 1 1 . 6 . 2 )  The change i n  p ercen tage  o f  p a r a b o l ic  component i n  
n itr o g e n  adsorbed on the g r a f o i l*
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th e  d i f f e r e n t  da ta  was ^ = (1145+24) K and t h e  a c t i v a t i o n  energy
.0 3 5  ev^ th e  sm a ll  v a lu e  f o r  th e  a c t i v a t i o n  en ergy  i s  a t t r i b u t e d  t o  
no therm al d e s o r p t io n  o f  p o s i t r o n  or Ps.
1 1 . 6 -L in e  shape a n a l y s i s :
The spectrum  was a g a in  f i t t e d  by u s in g  a l e a s t - s q u a r e s  m in im iz a t io n  
r o u t i n e  f o r  an in v e r t e d  p a ra b o la  and a G a u ss ia n  c o n v o lu te d  w i t h  th e  
r e s o l u t i o n  f u n c t i o n .  The r e s u l t s  o f  t h i s  f i t t i n g  a r e  a g a in  p a ra b o la  
and G a u ss ia n  w id th s  f i g u r e C l l . 6 . 1 )  and p a r a b o la  p e r c e n ta g e  
f  i g u r e d l  .6 .2 )  . I t  can be see n  from f  igur e ( l l  .6 .1 ) t h a t  th e  p a ra b o la  
w id th  and G a u ss ia n  w id th  both  s ta y  c o n s ta n t  a g a i n s t  tem p era tu re  w i th  
a v era g e  v a l u e s  o f  2 2 .5  and 18 .6  c h a n n e ls ,  r e s p e c t i v e l y .  The p a ra b o la  
p e r c e n ta g e  changes from 35% t o  20% a t  th e  peak 1 2 7 .5K and a g a in  
i n c r e a s e s  above 1 2 7 . 5K. The peak p o s i t i o n  f o r  th e  fo u r  s e t s  o f  d a ta ,  
i n  t h e  R and F -p aram eters  c o r r e l a t e s  to  ch an ges  i n  th e  p a r a b o la  
p e r c e n t a g e s .  The a verage  p a ra b o la  i n t e n s i t i e s  a t  peak p o s i t i o n s  f o r  
a l l  th e  s e t s  o f  d a ta  i s  d i f f e r e n t  by about 14% compared t o  th e  c l e a n  
s u r fa c e  o f  th e  sample ( c h a p te r  n i n e ) .  T his  14% i s  a t t r i b u t e d  t o  th e  
i n t e n s i t y  o f th e  Ps e m is s io n ,  when th e  n i t r o g e n  gas  i s  ad sorb ed  on th e  
s u r f a c e  o f  g r a f o i l .  The c h i - s q u a r e d  p er  d eg re e  o f freedom  la y  b etw een  
0 . 9 8  t o  1 .2 3  i n d i c a t i n g  a good f i t  t o  the, d a ta .  The d ata  was a l s o  
f i t t e d  t o  two G a u ss ia n s  o n ly  and two G a u ss ia n s  and one p a r a b o la ,  but 
th e  c h i - s q u a r e d  was w orse  than th e  v a lu e  above, t h e r e f o r e  th e  b e s t  f i t  
a c c e p te d  was o f  one G a u ss ia n  w i th  an in v e r t e d  p a r a b o la .
1 1 . 7 -C o n c lu s io n :
F i r s t  o f  a l l  th e  vapour p r e s s u r e  o f th e  n i t r o g e n  had an im p ortan t  
r o l e  i n  our r e s u l t s ,  b ecau se  by changing  t h e  p r e s s u r e  i t  was o b se r v e d  
t h a t  th e  p o s i t i o n  o f  t h e  peak was changed. By u s in g  t h e  c o r r e c t  
a ssu m p t io n s  r e p o r te d  about n i t r o g e n  m on olayers  on g r a p h i t e  ( S t e e l e
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1 9 7 7 ,  Bruch 1977 , Jean and Zhou 1 9 8 5 ,and Kjmin e t  a l  1983) i t  was 
found t h a t  th e  co v era g e  of n i t r o g e n  a t  th e  maximum v a lu e  of  
p o s it r o n iu m  e m is s io n  was ap p ro x im a te ly  one. T h e r e fo r e  i t  was 
co n c lu d e d  t h a t  p o s it r o n iu m  e m is s io n  in c r e a s e d  a s  th e  m onolayer  b u i l t  
up and d e c r e a s e d  a s  th e  b i l a y e r  d ev e lo p ed .  The b in d in g  en ergy  o f th e  
n i t r o g e n  m o le c u le s  on th e  g r a f o i l  was found <o=(1168+18K), t o  be in  
good agreem ent w ith  th e  v a lu e  c a l c u l a t e d  by ( S t e e l e  1 9 7 7 ,  and Bruch
1 9 7 7 ) .  The number o f m o le c u le s  o f  n i t r o g e n  per  u n i t  a rea  was
78 18
c a l c u l a t e d  t o  be 6 .37X 10 which i s  in  good agreem ent w i th  6 .5X 10
w hich  was found by Jean and Zhou ( 1 9 8 5 ) .  The n i t r o g e n  m onolayer
( f l u i d )  was o b serv ed  t o  form, a t  d i f f e r e n t  tem p era tu re s  c o r resp o n d in g
t o  d i f f e r e n t  p r e s s u r e s  on th e  g r a f o i l  and c h a r a c t e r i z e d  by th e  maximum
p o s itr o n iu m  e m is s io n  a s  ob serv ed  by Doppler b ro a d en in g  m ethod. The
r e s u l t s  o f  t h i s  exper im ent in c lu d in g  t h e  sample p r o p e r t i e s  compared
w ith  o t h e r  r e f e r e n c e s  i s  shown i n  t a b l e ( l l . 6 . 1 ) .
Sample D e n s i ty  
[ g r /  Cl/]
S urface  a rea
[ml]
M olecu lar  No. 
per u n i t  a r g ^  
[mol m l]X l6
M o lec u le  a rea  
[m ]X10
Coverage
(%)
G r a f o i l
(a )
0 .9 0 4 1810 6 .1 7 1 6 .4 101
G r a f o i l
(b )
1 .1 1 57 0 6 .5 0
( c )
1 5 .7 102
G r a f o i l 0 .9 4 0 5 .2 6 .3 7
1 5 .7
1 6 .4
100 .1
102
t a b l e d l  .6 .1 )
(a) Kjems e t  al (1 9 7 7 )
(b) Jean and Zhou (1985)
(c )  Roqurelor et  al (197 5)
The Fundamental question  of why the maximum positronium emission i s  
g r e a te s t  at a f u l l  coverage of monolayer w i l l  be answered in  the  
fu ture  by more experiments and actual isothermal measurements (eg. a t  
119 k or 1 2 7 .5  K e t c . ) .  But the system was not complete for th is  kind 
of experiment, and needs to  be improved. The system needs proper
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pressure and volume gauges to measure the pressure and amount of the
gas w ith  high accuracy. The 14% change in  parabola in t e n s i ty  in  going
from a c lean  g r a fo i l  surface to monolayer created one can be
a ttr ib u te d  to  the change in  positronium emission in t e n s i t y .
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C hapter X II P o s i t r o n  an n i h i l a t i o n  f o r  oxygen  condensed  on th e  su r fa c e  
o f  g r a f o i l
1 2 . 1 - I n t r o d u c t i o n  and method:
Oxygen adsorbed  on g r a p h it e  and o th e r  s u b s t r a t e s  h as  been  s tu d ie d  by 
many d i f f e r e n t  methods fo r  many y e a r s .  T h e r e fo r e  many p r o p e r t i e s  o f  
oxygen  l a y e r s  on s u b s t r a t e s  e s p e c i a l l y  g r a p h i t e  have been  
i n v e s t i g a t e d ,  such as th e  t r a n s i t i o n  from s o l i d  t o  l i q u i d  a t  5 4 . 4K. 
Many o th e r  p r o p e r t i e s  such as s t r u c t u r e  o f th e  s o l i d  oxygen  la y e r  and 
i t s  t r a n s i t i o n  on th e  g r a p h it e  a t  v e r y  low tem p era tu res  and p r e s s u r e s  
w ere  i n v e s t i g a t e d  by MacTangue and N i l s o n  ( 1 9 7 6 ) ,  S tep h en es  e t  a l  
( 1 9 8 0 ) ,  Pan e t  a l  (1 9 8 2 )  and Marx and C h r i s t o f f e r  ( 1 9 8 3 ) .  R e c e n t ly  
th e  t r a n s i t i o n  i n  s t r u c t u r e  from a  to  A was a l s o  o b se r v e d  by Toney and 
F a i n , j r .  (1 9 8 4 )  a t  T>18K. These ex p er im en ta l  works on th e  m onolayer  
g i v e  u s e f u l  in fo r m a t io n  about t h e  oxygen adsorbed  on t h e  g r a p h i t e  hut 
a r e  f a r  from our measurments i n  term s o f  tem p era tu re .
In  1982 P a tr y k ie je w  e t  a l  c a l c u l a t e d  t h e  minimum depth  energy of  
oxygen  m o le c u le s  on g r a p h i t e  by c o n s id e r in g  t h a t  th e  gas had an  
i n t e r a c t i o n  w i t h  th e  homogeneous c r y s t a l  s u r fa c e  but t h a t  th e r e  was a
(L.
n e g l i g i b l e  i n t e r a c t i o n  betw een  th e  b u lk  gas and th e  condensed p h a se .  
The v a lu e  r e p o r te d  by them i s  ^=1050K, and i s  t h e  b in d in g  energy of  
th e  oxygen  m o le c u le s  t o  th e  g r a p h i t e .  They a l s o  r e p o r t e d  th e  c r i t i c a l  
tem p era tu re  of oxygen, above which th e  l a y e r  i s  l i q u i d  as  6 6 .5  K. 
There a r e  num ero u s  l i t e r a t u r e s  on oxygen  m o n o la y ers  which a re  
ad so rb ed  on g r a p h it e  a t  v er y  low tem p era tu res  and p r e s s u r e s .
In  th e  p o s i t r o n  a n n i h i l a t i o n  f i e l d  t h e r e  have been  no ex p e r im e n ts ,  so  
f a r  done on th e  a d s o r p t io n  o f  oxygen  on g r a f o i l  a t  l i q u i d  n i t r o g e n
te m p e r a tu r e s .  But i n  1983 Lynn and Lutz r e p o r te d  on t h e  i n t e r a c t i o n
toLcLv
o f  a p o s i t r o n  beam w i th  oxygen^had b een  ch em isorbed . They made two
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ob servations v iz :  (1) the positronium fr a c t io n  decreases with the
development of overlayers of oxygen on the aluminium surface, and 
(2) th a t  the positronium i s  formed as parapositronium rather than 
o r th o -positronium. They claimed that th is  (point ( 2 ) )  was because of
a spin exchange process occures, they could not d etect  the d ifferen ce  
between the s e l fa n n ih i la t io n  of pPs and of a n n ih ila t io n  of positrons  
trapped in  vacancies .  Similar e f f e c t s  were a lso  observed in  our 
experiments on positron  in tera c t io n  with oxygen on g r a f o i l ,  a t  low 
temperature.
Method:
The same g r a fo i l  source specimen was used as was used for n itrogen  
and argon. Before the oxygen measurment the source specimen was
removed from the cryosta t and mounted in  the furnace, tm<-Twith vacuum
—6 ,
b e t te r  than 10 torr . the temperature was increased  from room
temperature to 610K (with 10 K steps see chapter n in e ) ,  then allowed  
to  cool to room temperature. The sample specimen was then removed 
from the furnace and replaced in  the cryosta t  under high vacuum and 
l e f t  for  a few hours at room temperature. A fter  that a cy linder  
containing oxygen of 99.99% purity was connected to  the chamber and 
the gas feed  l in e  evacuated for a few hours. Then the oxygen gas was 
l e t  in  to  the chamber at room temperature in  pressure of 1520 torr and 
volume of approximately 300 cc. The system was then l e f t  a t  room 
temperature over n ight. While cooling down to  77K the pressure  
dropped from the 1520 torr to 160 torr which i s  the vapour pressure of 
oxygen at  77 K. The pressure remained constant a t  t h i s  value  
throughout the experiment. When the system had reached equilibrium  at  
80 K, data c o l le c t io n  was s tarted  with an accumulation time of 2 hours 
in  steps of 10 K with s t a b i l i t y  in  temperature again b e t te r  than 0 .5  K 
to  a f in a l  temperature of 320 K. Cooling down was from 320 K in  steps
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o f  20 K changing a t  160 K t o  s t e p s  o f  10 K. The exp er im en t was 
r e p e a te d  f i v e  t im e s  i n  th e  range 80 K t o  170 K by r e p e a t e d ly  h e a t in g  
and c o o l i n g  th e  sam ple. Over th e  two hours data  a cc u m u la t io n  t im e th e  
count a t  th e  c e n t r a l  of th e  peak reach +^7000 .
1 2 . 2 - L in e -sh a p e  param eter:
The l i n e  shape param eter (F -p a r a m ete r ) which i s  a g a in  th e  r a t i o  of  
th e  i n t e g r a l  o f  7+1+7 ch a n n e ls  o f  th e  photopeak  c e n t e r  to  t h a t  of th e  
t o t a l  a rea  of spectrum a f t e r  erro r  f u n c t i o n  back ground s u b t r a c t e d ,  i s  
i l l u s t r a t e d  i n  f i g u r e ( 1 2 . 2 . 1 ) .  The F -param eter  i s  v e r y  s e n s i t i v e  to  
v a r i a t i o n s  i n  l i n e  shape caused  by p o s i t r o n  a n n i h i l a t i o n s  w i th  b u lk  
e l e c t r o n s  as  opposed t o  f r e e  e l e c t r o n .  An in c r e a s e  i n  th e  F -param eter  
r e p r e s e n t s  an i n c r e a s e  i n  th e  r a t e  o f a n n i h i l a t i o n s  w i th  th e  f r e e  
e l e c t r o n s  o f  th e  medium. The p a r a -p o s i tr o n iu m  s e l f - a n n i h i l a t i o n ,  
r e s u l t i n g  i n  th e  p r o d u c t io n  o f  two gamma-rays each  o f energy 511 k ev ,  
i s  a component o f narrow w id th  i n  th e  a n n i h i l a t i o n  spectrum .  
C on seq uently  th e  F -param eter w i l l  a l s o  i n c r e a s e  i f  th e  p o s i t r o n  
becomes bound w i t h  an e l e c t r o n  t o  form p a r a -p o s i tr o n iu m .  Thus one can  
e x p e c t  an in c r e a s e  i n  th e  F -param eter w ith  th e  p a ra p o s itro n iu m  
f r a c t i o n .
The F -p aram eter  i n c r e a s e s  a t  90K s e e  f i g u r e ( L 2 . 2 .1 )  s u g g e s t i n g  t h a t  an 
i n c r e a s e  i n  th e  p o s itro n iu m  f r a c t i o n ,  t h a t  i s  i n  th e  a n n i h i l a t i o n  o f  
th e  p o s i t r o n  w ith  oxygen on th e  s u r fa c e  of th e  g r a f o i l .  The in c r e a s e  
a p p ea rs  t o  be due to  th e  t r a n s i t i o n  o f th e  oxygen  l a y e r s  t o  v a p o u r .  
The d e c r e a s in g  F v a lu e  below 90K s u g g e s t s  th e  ex p o su re  o f th e  s u r fa c e  
to  oxygen  ( m u l t i l a y e r s  com ply^ f i l l e d  l i q u i d )  s i m i l a r  to  th e
chem isorbed  oxygen  on aluminium (Lynn and Lutz 1980) who r e p o r te d  a 
r e d u c t io n  i n  th e  p o s it r o n iu m  f r a c t i o n  f o r  o v e r la y e r s  due to  ex p o su re  
of th e  aluminium to  oxygen  a t  room tem p era tu re ,  and a sp in -e x c h a n g e
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F i g ( 1 2 . 2 . 2 )  t h e  F - p a r a m e t e r  v e r s u s  t e m p e r a t u r e  ( w i t h o u t  back­
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p r o c e s s  l e a d in g  t o  p a ra p o s itro n iu m  d e c a y s .  T h is  sharp  i n c r e a s e  i n  F 
was n o t  o b serv ed  i n  t h e  o th e r  two g a s e s  (a rg o n  and n it r o g e n )^  th e
 ^ on th e  s u r fa c e  o f  g r a f o i l  i s  m e re ly  due t o  th e  s p in  exchange
p r o c e s s  w h ich  changes t h e  t r i p l e t  s t a t e  ( ^ S ^  t o  s i n g l e t  s t a t e  ( ) .
B r im h e i l l  and P ase (1 9 6 5 )  a l s o  m ention ed  t h a t  s in c e  th e  t r i p l e t  s t a t e
i s  l a r g e l y  quenched i n  o xygen  v i a  c o n v e r s io n  to  t h e  s i n g l e t  s t a t e
3
(w hich  d eca y s  some 10 t im e s  f a s t e r )  e s s e n t i a l l y  a l l  th e  decay of  
p o s it r o n iu m  i s  o b serv e d  by e m is s io n  o f  two p h o to n s .  T h is  i s  in  good  
agreem ent w ith  our ex p er im en t a t  90K and lOOK, a l l  th e  
o r t h o - p o s itro n iu m  i s  co n v e r te d  t o  p a r a -p o s i t r o n iu m .
Above 150K th e  F -param eter  as can be se e n  i s  s l i g h t l y  h ig h e r  w ith  
r e s p e c t  t o  th e  F v a l u e  fo r  g r a f o i l  in  vacuum f i g u r e ( 1 2 . 2 . 2 ) .  T h is  
f i g u r e  shows th e  d i f f e r e n t  e f f e c t s  o f  th e  p o s i t r o n  a n n i h i l a t i o n  w ith  
oxygen  on th e  s u r fa c e  o f  g r a f o i l  compared w i th  p o s i t r o n  a n n i h i l a t i o n  
w ith  g r a f o i l  i n  vacuum. The oxygen  may c o m p le t ly  escap e  from th e  
s u r fa c e  of th e  g r a f o i l ,  above 300 K, b eca u se  th e  F v a lu e  ap pears  th e  
same a s  t h a t  r e s u l t i n g  from p o s i t r o n  a n n i h i l a t i o n  i n  th e  g r a f o i l  
a lo n e .
1 2 .3 -L in e - s h a p e  a n a l y s i s :
A nother  i n t e r e s t i n g  r e s u l t  o f  th e  p o s i t r o n  i n t e r a c t i o n  o f oxygen  
m o le c u le s  on th e  s u r fa c e  of g r a f o i l  i s  th e  w id th  of th e  in v e r t e d  
p a r a b o la  f i t t e d  t o  th e  s p e c t r a .  F i r s t  t h e  spectrum was a n a ly s e d  w i th  
an i n v e r t e d  p a r a b o la  and G a u ss ia n  co n v o lu te d  w i th  th e  r e s o l u t i o n  
f u n c t i o n  i n  th e  same manner as b e f o r e ,  and gave  a r e s o n a b le  c h i - s q u a r e  
per  d eg re e  of freedom o f  betw een  0 . 9 4  and 1 . 3 .  The p a ra b o la  w id th  and 
p a r a b o la  i n t e n s i t y  o f  oxygen  a d s o r b t io n  on th e  g r a f o i l  spectrum was 
c o m p le t ly  d i f f e r e n t  w i th  r e s p e c t  t o  th e  w id th  and p a ra b o la  i n t e n s i t y  
of m e ta l s  ( s e e  cadmium and t i n  a n a l y s i s ) .  The p a ra b o la  w id th  was
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found t o  drop s h a r p ly  a t  90K from a w id th  o f 2 3 . 4  c h a n n e ls  t o  
a p p r o x im a te ly  2 c h a n n e ls ,  th e r e  was a l s o  a sm a l l  change i n  t h e  
G a u ss ia n  w id th  f i g u r e ( 1 2 . 3 . 1 ) .  The o r i g i n a l  r i s e  i n  th e  F -p aram eter  
i s  due t o  t h e  appearance o f  sharp s p ik e  o f a w id th  thCuL i s  o n ly  a few  
ch a n n e ls  i n  th e  D oppler  spectrum . T h is  w id th  i n c r e a s e s  a g a in  a t  
120 K, and 130 K t o  15 c h a n n e ls ,  th en  up t o  th e  2 3 .4  c h a n n e ls ,  as  th e  
sharp component d is a p p e a r s .  T his shows t h a t  th e  p a ra b o la  w id th  i s  
v e r y  s e n s i t i v e  to  th e  narrow component i n  th e  D oppler  spectrum , and 
g i v e s  us a h in t  t h a t  th e  in c r e a s e  i n  th e  F -p aram eter  i s  due to  th e  
s e l f - a n n i h i l a t i o n  o f  th e  p a r a -p o s i tr o n iu m  ( e l e c t r o n  p o s i t r o n  bound in  
o x y g e n ) .
The p a ra b o la  p e r c e n ta g e  d e c r e a s e s  sh a r p ly  from a p p r o x im a te ly  35% t o  
6-7% a t  90 K or 100 K and i n c r e a s e s  t o  15% above 120 K and f i n a l l y  to  
20% above 140 K, th e  d e c r e a s e  of p a ra b o la  i n t e n s i t y  above 200 K was 
a l s o  o b serv e d  on th e  c l e a n  su r fa c e  of g r a f o i l  f i g u r e ( 1 2 . 3 . 2 ) .  The 
d e c r e a s e  i n  th e  p a ra b o la  i n t e n s i t y  which was o b serv e d  i n  t h e  argon  and 
n i t r o g e n  ex p er im en ts  s u g g e s t s  th e  fo r m a t io n  o f  p o s it r o n iu m .  These  
p a ra b o la  w id th s  and p e r c e n ta g e s  w ere  found t o  be a v er y  im portant  
f a c t o r  i n  showing t h a t  th e  p o s itro n iu m  forms on t h e  s u r fa c e  and i n  th e  
gas  m o le c u le s  on th e  s u r fa c e  o f th e  sam ple. The p a r a b o la  i n t e n s i t i e s  
and w id th s  t o g e t h e r  w i th  G a u ss ia n  w id t h s ,  from g r a f o i l  w i th  oxygen  and 
from g r a f o i l  in  vacuum a re  compared i n  f i g u r s ( l 2 . 3 . 3 ) .  As i s  c l e a r  in  
f i g ( 1 2 . 3 . 3 )  t h e  p a r a b o la  i n t e n s i t y  drops from 35% a t  90 K t o  
a p p r o x im a te ly  7% im p ly in g  t h a t  28% o f  th e  p o s i t r o n s  a n n i h i l a t e  w i th  
oxygen  m o le c u le s  on th e  s u r fa c e  o f th e  g r a f o i l .
In fa c t  the narrow width of the parabola i s  not the width of the  
narrow component on the Doppler spectrum, and thus a second Gaussian 
was introduced. The data was then f i t t e d  with one parabola plus one 
narrow gaussian and one wide Gaussian ( in  the reg ion  80 K to  170 K ) .
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F i g ( 1 2 * 3 * 3 )  shows, th e  p a r a b o la  p e r c e n t a g e  o f  p o s i t r o n  i n t e r a c t i o n  
w i t h  oxygen  a d s o r p t i o n  on t h e  g r a f o i l  s u r f a c e s  a s  f u n c t i o n  o f  tem­
p e r a t u r e  ( s t a r )  compare w i th  p a r a b o la  p e r c e n t a g e  o f  p o s i t r o n  i n t ­
e r a c t i o n  w i th  g r a f o i l  o n l y  ( c i r c l e ) .
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F i g ( 1 2 . 3 * 5 )  s h o w s  t h e  p a r a b o l a  a n d  t w o  G a u s s i a n  W i d t h ,  o n e  i s  
w i d e r  ( s t a r ) ,  a n d  a n o t h e r  i s  n a r r o w e r  ( t r i a n g l e )  o f  p o s i t r o n  
i n t e r a c t i o n  w i t h  o x y g e n  a d s o r p t i o n  o n  t h e  s u r f a c e  o f  g r a f o i l  
a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  f o r  r a n g e  ( 8 0 - 1 7 0  K ) .
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Fig(12.3,6) The narrow Gaussian percentage as a function of temperature 
for positron annihilation in oxygen condensed on the grafoil. The 
standard deviation is estimated to be +1.3%.
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The change i n  th e  w id th  of th e  p a ra b o la  back t o  t h e  2 3 . 4  c h a n n e ls  as  
t h e  p o s i t r o n s  a n n i h i l a t e  i n  g r a f o i l  o n ly ,  and t h e  narrow G a u ss ia n  
w id th  ( 4 . 0 + 1 . 0  c h a n n e l s ) ,  i s  i l l u s t r a t e d  i n  f i g u r e ( 1 2 . 3 .5 )  and 
f i g u r e ( 1 2 . 3 .6 )  which are  showing c l e a r l y  th e  c o r r e l a t i o n  o f  th e  t h i s  
narrow G a u ss ia n  and F -p aram eter .  The maximum v a lu e  (16+2)% a t  th e  
90 K shows t h e  maximum r a t e  of th e  Ps e m is s io n .  The c h i - s q u a r e d  was 
s l i g h t l y  reduced  from i t s  p r e v io u s  v a l u e .  The f u l l  w id th  o f th e  h a l f  
maximum (FWHM) o f  th e  narrow component i s  g i v e n  from th e  narrow  
G a u ss ia n  w id th  to  be a p p ro x im a te ly  6 .8  c h a n n e ls .
1 2 . 4 - F i t t i n g  t h e  F -param eter:
We assume th e  p o s itro n iu m  f r a c t i o n  i s  p r o p o r t io n a l  t o  t h e  coverage  
of  oxygen  on th e  su r fa c e  of g r a f o i l ,  and a s  such u se  both  co v era g e  
fo r m u la e  o f Langmuir and Boltzm ann, p lu s  N i l l , J r ' s  e x p r e s s io n  fo r  
p o s it r o n iu m  a c t i v a t i o n  energy (u s e d  i n  ch a p ter  t e n  e q u a t io n  ( 1 0 . 3 . b ) ) ,  
t o  f i t  t h e  F -p a ra m eter .  In th e  f i r s t  t r y  we u sed  th e  Langmuir 
c o v e ra g e  form ula  and f o r  th r e e  c a s e s  o f  th e  f i t t i n g  th e  v a l u e s  found  
a r e  g i v e n  i n  t a b l e  ( 1 2 . 4 . a ) .
1) F| = (0 .4 6 4 + 0 .0 0 0 7 )  2) E g=(0 .0 5 8 + 0 .0 0 8 )  ev 3 )  £^ = ( 0 .2 3 + 0 .0 5 )  ev
6
G=(43 .7+3 .3)X10F ^ = (0 .4 1 7 ± 0 .0 0 0 6 )  
^ = (1 7 3 4 + 4 0 )  K 
A = ( 8 .3 + 0 .7  )X10^ 
4 ^ 2 . 2 5
G = (2 9 .8 + 2 .6 )
F| = (0 .464+0 .0003)^  
F ^ = (0 .4 2 2 ± 0 .0 0 0 5 )  
6o=( 1843+50) K 
-# = 3 .9 3
F| = (0 .4 6 1 + 0 .0 0 0 8 )  
F^  = (0 .4 2 0 + 0  .00 0 6 )
- 4
P = (3 .1 7 + 0 .2 4 )X 1 0  
— 3 .3 3
T a b le (1 2 .4  . a )  >
The v a lu e  found f o r  th e  of b in d in g  en ergy  i s  much g r e a t e r  than  t h a t  
r e p o r te d  by P a lr s k i j e w  e t  a l  ( 1 9 8 2 ) .  The r e s u l t  o b ta in e d  by u s in g  t h e  
Boltzm ann a p p ro x im a tio n  f o r  covearage  a r e  g i v e n  i n  t a b l e  ( 1 2 . 4 . b ) .  
The b in d in g  energy o f  th e  oxygen on t h e  g r a f o i l  a s  c a l c u l a t e d  i n  t h i s
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Fig(12.4.1) The theoretical fitting to F-parameter with temperature 
for positron annihilation in oxygen adsorbed on grafoil specimen.
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ca se  i s  (1250+ 70) K w h ich  i s  a lm ost  t h a t  found by o th e r  g ro u p s .  T h is  
v a lu e  co rresp o n d s  t o  a co v era g e  o f one a t  110<T<120 ( u s i n g  a l l  d a ta  
p o i n t s  f o r  f i t t i n g ) .
1) F| = ( 0 .4 6 7 + 0 .0 0 0 3 )
F ^ = (0 .4 0 3 ± 0 .0 0 0 6 )
A = ( 0 .1 5 3 + 0 .062)X10^
&o=(1250+70) K 
-17=8.3  9
T a b l e ( 1 2 .4 .b )
The b in d in g  energy and c h i - s q u a r e d ,  both  d e c r e a s e d  when th e  
F -p aram eter  was f i t t e d  from data  p o in t s  s t a r t i n g  o f  100 K ,110 K and  
120 K t o  300  K, th e  f i t s  g i v i n g  c o r resp o n d in g  v a l u e s  o f  ^ = 1 2 2 6 ,1 1 8 5  
and 946 K and c h i - s q u a  red  6 . 4 , 5 . 8  and 3 .7  r e s p e c t i v e l y .  For a l l  
t h e s e  f i t t i n g  c a s e s  th e  co v era g e  came to  one when te m p era tu re  range  
was 110<T<120. From t h i s  i t  may co n c lu d ed  t h a t  6^h as  an a v era g e  v a lu e  
of betw een  1188 and 946 K c o r resp o n d in g  t o  m onolayer  co v era g e  b etw een  
110<T<120. The a v er a g e  b in d in g  energy  i s  f^=(1064+10) K, which i s  
r e s o a n a b le  agreem ent w i th  o t h e r s .  F i g ( 1 2 . 4 . 1 )  shows t h e  F -p arm eter  
t o g e t h e r  w i t h ^ f i t  g e n e r a te d  from e q u a t io n  ( 1 0 . 4 . b) o f  ch a p te r  1 0 .
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12*5 P o s i t r o n  a n n i h i l a t i o n  f o r  h élium  on th e  g r a f o i l  s u r fa c e
1 2 . 5 .1 - I n t r o d u c t i o n  and method
Generally the density  of gases ought to increase  as temperature 
decreases.  In the case of dense f lu id s ,  positronium bubbls are
created due to exchange of repu ls ive  force  between positronium and gas 
atoms. The positronium bubble was observed in  l iq u id  and s o l id  helium  
by Hernaber and Choi (1 9 6 9 )  and a lso  in  l iq u id  argon, krypton and 
xenon by Varlashkin (1970) at low temperatures. In the positronium  
bubble s ta te  the orthopositronium l i f e t im e  reaches about 100 ns s ince  
the overlap of the trapped p a r t ic le  with the bulk f l u i d  i s  very small 
(Hautojarvi and Vehamen 1 9 7 9 ) .  Three components of p os itron  l i f e t im e  
in  helium were reported by Paul and Graham (1 9 5 6 )  at very low
temperature with the long l i f e t im e  a ttr ib u ted  to  oPs p ic k -o f f  or
conversion to  two photon emission processes .  A l l  measurments were 
reported for  very low temperatures.
At s u f f i c i e n t l y  low tem p eratu re  p e c u l i a r  phenomena h ave  been  se e n  i n  
n o b le  g a s e s  e s p e c i a l l y  h e lium . Both p o s i t r o n  and p o s it r o n iu m  may 
e x i s t  i n  l o c a l i z e d  s t a t e s .  The a t t r a c t i v e  p o l a r i z a t i o n  f o r c e s  betw een  
a p o s i t r o n  and he lium  atom induce d r o p le t  f o r m a t io n  around p o s i t r o n s  
when t h e i r  k i n e t i c  energy i s  s u f f i c i e n t l y  low (C a n te r  e t  a l  1 9 7 5 ) .
The a d s o r p t io n  o f helium  on g r a p h it e  has been  i n v e s t i g a t e d  by many 
d i f f e r e n t  methods a t  v ery  low tem p era tu res  and s u f f i c i e n t l y  low
p r e s s u r e s .  Dash m ention ed  t h a t  th e r e  i s  no e x p e r im e ta l  work t o  show 
th e  a d s o r p t io n  o f  helium  on th e  c o ld  s u b s t r a t e  above lOOK ( 1 9 7 4 ) .  In  
t h i s  c h a p te r  our ex p er im en ta l  work f o r  o b s e r v a t io n  o f  p o s itro n iu m  
e m is s io n s  r e g a r d in g  h e liu m  atoms on th e  s u r fa c e  o f g r a f o i l  a t  l i q u i d  
n i t r o g e n  tem p era tu res  and h ig h  p r e s s u r e s  i s  p r e s e n t e d .
Method:
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B e fo r e  i n s e r t i o n  o f  th e  h e liu m  gas  i n  th e  chamber, th e  sample  
specim en  was kept a t  a h ig h  tem p era tu re  (400 K) fo r  a few h o u rs .  
A f t e r  w hich  i t  was a l lo w e d  t o  c o o l  to  room te m p era tu re ,  a t  w hich  p o in t  
h e liu m  of p u r ity  96% was l e t  i n .  The p r e s s u r e  a t  3 00K was ta k en  t o  
two atom osphereS  (1520 t o r r )  and on c o o l i n g  t o  80 K dropped to  
690 t o r r .  Data was c o l l e c t e d  o v er  two hour p e r io d s  b etw een  80 K and 
180 K by h e a t in g  and th e n  from 180 K down, in  sleeps o f  10 K. A f t e r  
t h i s  s e t  of measurem ents, th e  h e l iu m  was pumped out and th e  sample  
te m p era tu re  r a i s e d  t o  400 K under h ig h  vacuum and kep t t h e r e  fo r  a few  
h o u r s .  The sample th en  a g a in  a l lo w e d  t o  c o o l  t o  80 K and h e liu m  gas  
o f  p u r i t y  99 .999% was l e t  i n  t o  t h e  chamber. U n fo r tu n a te ly  th e  
p r e s s u r e  i n  th e  f e e d in g  c y l i n d e r  was n o t  h ig h  enough to  o b t a in  th e  
same p r e s s u r e .  The f i n a l  p r e s s u r e  was 350 t o r r  a t  80 K. The 
c o n d i t i o n s  o f  th e  exper im ent w ere  th u s  d i f f e r e n t  and t h e r e f o r e  we 
sh o u ld  n o t  ex p ec t  t o  o b serv e  th e  same r e s u l t s  a s  i n  t h e  p r e v io u s  
e x p er im en t .
1 2 . 5 . 2 - L in e -sh a p e  param eter r e s u l t s :
The F -param eter i s  shown i n  f i g u r e ( 1 2 . 5 . 2 . 1 ) .  I t  can be s e e n  from  
t h i s  f i g u r e  th a t  th e  F v a lu e  i s  i n c r e a s e d  a p p r o x im a te ly  by 2.3% from 
th e  lo w er  p o i n t s .  The F -p aram eter  was g r a d u a l ly  i n c r e a s e d  a f t e r  a t  
l e a s t  t e n  hours a t  80 K w hich  i s  d i f f e r e n t  from th e  o th e r  g a s e s  such  
a s  oxygen , n i t r o g e n  and arg o n .  The v a lu e  o f F i s  th e n  d e c r e a se d  a s  
t h e  tem p eratu re  i s  r a i s e d  and t h e n  dropped t o  i t s  o r i g i n a l  v a lu e  f o r  
a n n i h i l a t i o n s  on t h e  c l e a n  s u r fa c e  o f  g r a f o i l  a t  170 K. A f t e r  c o o l in g  
down from 17 0 K th e  F v a lu e  a g ia n  i n c r e a s e d  t o  a maximum v a lu e  a t  
80 K. T h is  o b s e r v a t io n  o f  i n c r e a s i n g  F a t  80 K s u g g e s t s  t h a t  th e  
i n t e r a c t i o n  o f  p o s i t r o n s  w i t h  gas  atoms on t h e  s u r fa c e  and th e  
e m is s io n  o f  p o s it r o n iu m . U n fo r tu n a te ly  t h i s  e f f e c t  may have been  due 
t o  t h e  h elium  gas  on th e  c o ld  s u b s t r a t e  n o t b e in g  o f  good p u r i t y
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Fig(12,5,2.1) The variation of F-parameter with temperature for 
helium condensed on the grafoil specimen, star is for heating 
and circle is for cooling the sample. The error function back­
ground subtracted and standard deviation is estimated as +0.0008.
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b eca u se  im p u r ity  would p la y  an im p ortan t r o l e .  B ecause  o f  t h i s ,  th e  
h ig h e r  p u r i t y  o f h e l iu m  gas was u sed ,  where r e s u l t s  a r e  shown i n  
f i g u r e ( 1 2 . 5 . 2 . 2 ) .  At f i r s t  th e  F -param eter  d id  n o t  shown an i n c r e a s e  
f o r  c o n s e c u t iv e  ru n s  a t  80 K, nor when th e  tem p eratu re  was r a i s e d  from  
th e  80 K t o  170 K, but i n  c o o l i n g  down from 17 0 K i t  showed an  
i n c r e a s e  f o r  runs a t  80 K. T h is  e f f e c t  i s  v e r y  s tr a n g e  a t  t h i s
tem p era tu re  and such a p r e s s u r e .  I t  m igh t be a t t r i b u t e d  t o  th e  
i n t e r a c t i o n  o f  h e lium  on th e  s u r fa c e  of g r a f o i l  as  r e s u l t s  o f  which  
p o s i t r o n iu m  e m is s io n  from th e  s u r fa c e  o cc u r s  and t h e  F -param eter  
i n c r e a s e s .  However t h i s  l a t e r  ex p er im en t ,  w ith  th e  h ig h  p u r i t y  g a s ,  
dose n o t  show any g r e a t e r  e f f e c t .  T h is  may be b eca u se  o f th e  low er  
gas  p r e s s u r e  (350 t o r r  as opposed  t o  690 t o r r ) .  To draw fu r t h e r
c o n c l u s i o n s ,  more ex p er im en ts  a r e  needed t o  be preform ed a t  l i q u i d  
n i t r o g e n  tem p era tu re  and below i f  p o s s i b l e .
U n fo r tu n a te ly  our equipment was n o t  s e t  up t o  c o n t in  ue th e  exp er im en t  
a t  low er  tem p era tu res  below 77 K and i t  was n o t  p o s s i b l e  t o  o b s e r v e  
th e  m onolayer  or b i l a y e r  of helium  on th e  g r a f o i l  s u r f a c e ,  as we w ere  
a b le  t o  do so f o r  th e  o th e r  g a s e s .  A lthough  our equipment i s  b ased  a 
h e liu m  c r y o s t a t ,  th e  sy s tem  i s  n o t  s u i t a b l e  f o r  low tem p eratu re  
a d s o r p t io n  m easurem ents b eca u se  i t  i s  n o t  p o s s i b l e  to  keep th e
tem p era tu re  low and s t a b l e .  The l i q u i d  h e liu m  c o o la n t  b o i l s  o f f  v ery  
f a s t  d u r in g  ru n s  (ow ing t o  in c r e a s e d  h e a t  t r a n s f e r  by th e  ga s  under  
i n v e s t i g a t i o n ^ a l s o  b eca u se  of th e  condensed  sample chamber g a s ,  i t  i s  
v e r y  d i f f i c u l t  t o  o b t a i n  t h e  s t a b l e  tem p era tu re .
1 2 .5  .3 -R -p aram eter  :
In  t h e  c a se  of th e  99.999% pure  h e liu m  ( s e c o n d  e x p e r im e n t)  t h e  
R -param eter was a l s o  m easured and i t  i s  shown i n  f i g u r e s ( 1 2 . 5 . 3 . 1 ) .  
I t  can be s e e n  t h a t  th e  R v a lu e  i s  d e c r e a se d  a t  78 K, showing t h e  r a t e
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Fig(12,5,2,2) The variation of F-parameter with temperature for 
pure helium condensed on the grafoil specimen, star is for heating 
and circle is for cooling the sample. The standard deviation is 
estimated as + 0.000?.
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o f  oPs e m is s io n  to  i n c r e a s e .  T h is  may be due to  an i n t e r a c t i o n  o f  th e  
h e liu m  gas  w i th  th e  g r a f o i l  s u r f a c e  (when th e  s u r fa c e  i s  c o ld  enough)  
producin* p o s it r o n iu m  w hich  th e n  e s c a p e s  t o  form oP s. The 
p o s s i b i l i t i e s  . of th at  a p o s it r o n iu m  b u b b le s  or a d s o r p t io n  o f  th e  
h e l iu m  on th e  s u r fa c e  o f g r a f o i l  a re  u n r e a l i s t i c  b ecau se  a t  such  
te m p era tu re s  th e  h e liu m  i s  a vapour but n o t  f l u i d .  At tem p era tu re  of  
80 K and s u f f i c i e n t l y  h igh  p r e s s u r e s ,  i n t e r a c t i o n  b etw een  th e  gas  i s  
p o s s i b l e  w i th  p o s i t r o n s  b e in g  tra p p ed  a t  s u r fa c e  o f g r a f o i l  and th e n  
e sc a p e  from th e  s u r fa c e  to  form Ps as w i t n e s s e d  by th e  i n c r e a s e  i n  F 
and d e c l i n e  i n  R. A lth ou gh  we know th a t  a d s o r p t io n  o f  th e  l i g h t  g a s e s  
on t h e  s u r fa c e  o f m e ta l s  i s  p o s s i b l e  a t  h ig h  p r e s s u r e  and te m p era tu re
but t h e  p o s s i b i l i t y  o f  (o ccu r in g  jsHch an e f f e c t !  i n  our exp er im en t i s  
d i f f i c u l t  to  be co n c lu d ed .
1 2 . 5 .4 -L in e - s h a p e  a n a l y s i s :
The l i n e - s h a p e s  w ere  a g a in  f i t t e d  by an in v e r t e d  p a r a b o la  and a 
G a u ss ia n .  The r e s u l t s  a r e  shown i n  f i g u r e ( 1 2 . 5 . 4 . 1 )  and ( 1 2 . 5 . 4 . 2 ) .  
The p a ra b o la  as we would  e x p e c t ,  d e c r e a s e s  a s  p o s i t r o n iu m  i s  em m itted  
from th e  s u r fa c e  of g r a f o i l .  But th e  p a ra b o la  and G a u ss ia n  w id th s  
rem aine c o n s ta n t  a t  mean v a l u e s  o f  2 2 .3  and 1 8 .5  c h a n n e ls ,  
r e s p e c t i v e l y  a g a in s t  te m p era tu re .  The p a ra b o la  w id th  n o t  changing i n  
c o n t r a s t  t o  th e  oxygen ru n s ,  im p l i e s  t h a t  no s p in  exchange p r o c e s s e s  
occur  c o n v e r t in g  t h r e e  photon  e m is s io n  t o  two photon  e m is s io n .  
However P i c k - o f f  of oPs i s  s t i l l  p o s s i b l e .  The g o o d n e ss  o f th e  f i t  i s  
shown by th e  c h i - s q u a r e ,  which was s a t i s f a c t o r y  a t  around o n e .  The 
p a r a b o la  p erc en ta g e  change shows t h a t  8% p o s i t r o n iu m  i s  e m it te d  a t  
(80 K ) .
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Fig(12,5.if,2) The temperature dependence of the parabolic percentage 
for positron annihilation in pure helium condensed on garfoil. The 
standard deviation is estimated to be + 1.8%,
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1 2 . 6 -Conclus ion:
From th e  r e s u l t s  o f  th e  gas  a d s o r p t io n  on t h e  s u r f a c e  o f g r a f o i l  
ex p er im en ts  th e  f o l l o w i n g  summary and c o n c l u s i o n s  a r e  drawn:
1)Maximum p o s itro n iu m  e m is s io n  was o b s e r v e d  a t  a p p r o x im a te ly  m onolayer  
c o v e r a g e s  o f n i t r o g e n  and o f  argon , f l u i d  m o n o la y ers  b e in g  c r e a te d  f o r  
both  g a s e s .  The maximum in  p o s itro n iu m  e m is s io n  was i n d i c a t e d  by th e  
R and F p a ra m eters .  The p o s i t i o n  o f  tem p era tu re  co r r e s p o n d in g  t o  th e  
minimum v a lu e  o f R and maximum v a lu e  o f  F changed a s  a f u n c t i o n  o f  
p r e s s u r e  fo r  th e  s e r i e s  o f  th e  n i t r o g e n  ru n s .  T h e r e fo r e  th e  f l u i d  
m on olayer  b u i ld s  up a t  te m p era tu res  a s s o c i a t e d  w i t h  a c e r t a i n  
p r e s s u r e s ,  l e a d in g  t o  maximum Ps e m is s i o n ,  w h ich  th en  d e c r e a s e s  when
cL b i l a y e r  or m u l t i l a y e r  b u i ld S u p .  The d e c l i n e  w i t h  i n c r e a s i n g  co v era g e  
i s  a t t r i b u t e d  to  th e  in c r e a s e  i n  th e  d e n s i t y  o f  t h e  a d s o r b a te  on th e  
s u r f a c e  d i s a b l i n g  th e  p o s i t r o n  or Ps from d i f f u s i n g  back  t o  th e  
s u r f a c e .  '^hus i n  t h i s  i n s t a n t  a n n i h i l a t i o n  o c c u r s  b e f o r e  e sca p e  from  
th e  s u r f a c e .  Another e x p la n a t io n  i s  t h a t  o f  Ps b u b b le s  i n  f l u i d  gas  
(C a n ter  e t  a l  1 9 7 7 ) .  The Ps b u b b le s  e x i s t  from t h e  b a la n ce  betw een  
an outward p r e s s u r e  due to  th e  z e r o  p o in t  m o t io n  o f  th e  trapped  
p a r t i c l e  and a s h r in k in g  f o r c e  due t o  s u r fa c e  t e n s i o n  and e x t e r n a l  
p r e s s u r e .  As a r e s u l t s  t h e  l i f e t i m e  o f  Ps i n c r e a s e s  ( t h e  o v e r la p  
betw een  Ps atom and f l u i d  atom w a v e f u n c t io n  i s  l e s s )  a t  minimum in  R. 
The d e c r e a s e  i n  R w ith  b i l a y e r  b u i l d  up i s  p ro b a b ly  due to  t h e  
i n c r e a s e  i n  d e n s i t y  o f t h e  m o n o la y ers  and d i s a b l i n g  t h e  c r e a t i o n  o f  Ps 
b u b b le s  i t  means th e  o v e r la p  o f  Ps atom and f l u i d  atom becomes l a r g e
wavefuc tron
and Ps a n n i h i l a t e s f a s t e r .
2)From th e  v a r i a t i o n  i n  pea k p o s i t i o n  w i t h  p r e s s u r e  th e  b in d in g  
en ergy  o f th e  n i t r o g e n  t o  t h e  g r a f o i l  s u r fa c e  was found t o  be 
0^ = (1 1 6 8 ± 1 1 )  K w hich  i s  i n  good agreem ent w i t h  t h a t  found by o th e r  
gro u p s .
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3 )0 x y g e n  somehow i s  a s p e c i a l  c a s e  f o r  w h ich  th e  F -p a ra m eter  shows a 
c l e a r  i n c r e a s e  a t  th e  b o i l i n g  p o in t  ( a t  9 0 .1  K t h e  t r a n s i t i o n  from  
l i q u i d  t o  v a p o u r ) .  The i n c r e a s e  i s  a t t r i b u t e d  t o  d e c r e a s in g  oxygen  
d e n s i t y  l e a d in g  t o  h ig h  p a r a p o s it r o n iu m  (P p s )  e m is s i o n .  The Pps 
e m is s io n  i s  th e  r e s u l t  o f  a s p in  exchange p r o c e s s  i n  w hich  th e  t r i p l e t  
s t a t e  (^S^) i s  co n v e r te d  t o  a s i n g l e t  s t a t e  ( S^q ) which d ecays  v i a  two 
p ho to n s  ( sh a r p  i n c r e a s e  i n  th e  F -p a r a m e te r ) .
4 ) T h is  s p in  exchange p r o c e s s  in d u c e s  a narrow component in  th e  
spectrum  photopeak . The o b s e r v a t io n  o f  a sharp d e c r e a s e  i n  p a ra b o la  
w id th  f o r  oxygen  i s  a t t r i b u t e d  t o  t h i s  narrow component ( t h e  r e s u l t  of  
th e  c o n v e r s io n  o f  th r e e  photon  t o  two photon  d eca y .
5)T he i n t e n s i t y  change of about 28% in  p a r a b o la  p e r c e n ta g e  betw een  th e  
c l e a n  sample s u r fa c e  and t h a t  w i th  oxygen  a d sorb ed  i s  a s s ig n e d  t o  
p e r c e n ta g e  of p o s i t r o n  i n t e r a c t i o n  i n  o x y g en  m o le c u le s  a t  th e  s u r fa c e  
of th e  sam ple.
6 )T he d e c r e a s e  i n  t h e  F -p aram eter  i n  oxygen  below 9o K i s  a t t r i b u t e d  
t o  t h e  ex p o su re  of th e  s u r fa c e  to  l i q u i d  oxygen  s to p  th e  Ps e m is s io n  
from t h e  s u r fa c e  and p o s i t r o n  d i f f u s i o n  back  t o  t h e  s u r fa c e  as  a l s o  
r e p o r te d  by Lynn e t  a l  (1 9 8 3 )  f o r  an alum inium s u r fa c e  a t  room 
te m p era tu re .
7 )T h e r e  was a l s o  an i n c r e a s e  i n  Ps e m is s io n  a t  low tem p era tu res  (80 K) 
fo r  th e  c a se  of g r a f o i l  w i th  h e l iu m . However th e  ex p er im en t was 
in c o m p le te  and i t  would be n e c e s s a r y  to  m od ify  a system  t o  study th e  
e f f e c t  o f  helium  on t h e  s u r f a c e  o f g r a f o i l  b e f o r e  d r iv in g  f u r t h e r  
c o n c lu s io n .
* * * * * * * * * * * * * * * * * * * *
229
1 2 .6-Conclusion:
From th e  r e s u l t s  o f  th e  gas a d s o r p t io n  on th e  s u r f a c e  of g r a f o i l  
e x p e r im e n ts  th e  f o l l o w i n g  summary and c o n c l u s i o n s  a r e  drawn:
1)Maximum p o s it r o n iu m  e m is s io n  was o b serv e d  a t  a p p r o x im a te ly  m onolayer  
c o v e r a g e s  o f  n i t r o g e n  and o f  argon, f l u i d  m o n o la y ers  b e in g  c r e a t e d  f o r  
b o th  g a s e s .  The maximum in  p o s itro n iu m  e m is s io n  was i n d i c a t e d  by th e  
R and F p a ra m e ter s .  The p o s i t i o n  o f  tem p era tu re  c o r r e sp o n d in g  t o  th e  
minimum v a lu e  o f  R and maximum v a lu e  o f F changed a s  a f u n c t i o n  o f  
p r e s s u r e  f o r  th e  s e r i e s  o f  th e  n i t r o g e n e  ru n s .  T h e r e fo r e  th e  f l u i d  
m o n o la y er  b u i l d s  up a t  tem p era tu res  a s s o c i a t e d  w i t h  a c e r t a i n  
p r e s s u r e s ,  l e a d in g  t o  maximum Ps e m is s io n ,  w hich  th e n  d e c r e a s e s  when  
b i l a y e r  or m u l t i l a y e r  b u i ld  up. The d e c l i n e  w i t h  i n c r e a s i n g  co v era g e  
i s  a t t r i b u t e d  t o  t h e  in c r e a s e  i n  t h e  d e n s i t y  o f  th e  a d s o r b a te  on th e  
s u r fa c e  d i s a b l i n g  t h e  p o s i t r o n  or Ps from d i f f u s i n g  b ack  t o  t h e  
s u r f a c e .  th u s  i n  t h i s  i n s t a n t  a n n i h i l a t i o n  o c c u r s  b e f o r e  e sc a p e  from  
th e  s u r f a c e .  A nother e x p la n a t io n  i s  t h a t  o f  a Ps b u b b le s  i n  f l u i d  gas  
(C a n te r  e t  a l  1 9 7 7 ) .  The Ps b u b b le s  e x i s t s  from th e  b a la n c e  b etw een  
an outward p r e s s u r e  due t o  th e  z e r o  p o in t  m o t io n  o f  th e  trapp ed  
p a r t i c l e  and a s h r in k in g  f o r c e  due to  s u r fa c e  t e n s i o n  and e x t e r n a l  
p r e s s u r e .  As a r e s u l t s  t h e  l i f e t i m e  of Ps i n c r e a s e s  ( t h e  o v e r la p  
b etw een  Ps atom and f l u i d  atom w a v e fu n c t io n  i s  l e s s )  a t  minimum in  R. 
The d e c r e a s e  i n  R w i th  b i l a y e r  b u i l d  up i s  p ro b a b ly  due to  t h e  
i n c r e a s e  i n  d e n s i t y  o f  th e  m o n o la y ers  and d i s a b l i n g  th e  c r e a t i o n  o f  Ps 
b u b b le s  i t  means th e  o v e r la p  o f  Ps atom and f l u i d  atom becomes l a r g e  
and Ps a n n i h i l a t e  f a s t e r .
2)From th e  v a r i a t i o n  i n  peack  p o s i t i o n  w i t h  p r e s s u r e  th e  b in d in g  
en erg y  o f  th e  n i t r o g e n  t o  t h e  g r a f o i l  s u r fa c e  was found t o  be 
0^ = (1 1 6 8 ± 1 1 )  K w h ich  i s  i n  good agreem ent w i t h  t h a t  found by o th e r  
g ro u p s .
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3 )0 x y g e n  somehow i s  a s p e c i a l  c a se  f o r  w hich  th e  F -p aram eter  shows a 
c l e a r  i n c r e a s e  a t  th e  b o i l i n g  p o in t  ( a t  9 0 .1  K t h e  t r a n s i t i o n  from  
l i q u i d  t o  v a p o u r ) .  The i n c r e a s e  i s  a t t r i b u t e d  t o  d e c r e a s in g  oxygen  
d e n s i t y  l e a d in g  t o  h ig h  p a ra p o s itro n iu m  (P p s )  e m is s i o n .  The Pps 
e m is s io n  i s  t h e  r e s u l t  o f  a s p in  exchange p r o c e s s  i n  w hich  th e  t r i p l e t  
s t a t e  (^S^ ) i s  c o n v e r te d  t o  a s i n g l e t  s t a t e  ( S^q ) w hich  d eca y s  v i a  two 
p h o to n s  ( s h a r p  i n c r e a s e  i n  t h e  F -p a r a m e te r ) .
4 ) T h is  s p in  exchange p r o c e s s  in d u c e s  a narrow component i n  t h e  
spectrum  p hotopeak . The o b s e r v a t io n  o f  a sharp d e c r e a s e  i n  p a ra b o la  
w id th  f o r  oxygen  i s  a t t r i b u t e d  t o  t h i s  narrow component ( t h e  r e s u l t  of  
th e  c o n v e r s io n  o f  th r e e  photon  t o  two p ho to n s  d eca y .
5)T h e i n t e n s i t y  change of about 28% i n  p a r a b o la  p e r c e n ta g e  betw een  th e  
c l e a n  sample s u r fa c e  and t h a t  w i th  oxygen  a d so rb ed  i s  a s s i g n e d  t o  
p e r c e n ta g e  o f  p o s i t r o n  i n t e r a c t i o n  i n  oxygen  m o l e c u l e s  a t  t h e  s u r fa c e  
o f  th e  sam ple.
6 )T h e  d e c r e a s e  i n  t h e  F -p aram eter  i n  oxygen  below  9o K i s  a t t r i b u t e d  
t o  t h e  ex p o su re  of th e  s u r fa c e  to  l i q u i d  oxygen  s to p  t h e  Ps e m is s io n  
from t h e  s u r fa c e  and p o s i t r o n  d i f f u s i o n  back  t o  t h e  s u r f a c e  a s  a l s o  
r e p o r te d  by Lynn e t  a l  (1 9 8 3 )  f o r  an alum inium s u r fa c e  a t  room 
te m p era tu re .
7 )T h e r e  was a l s o  an in c r e a s e  i n  Ps e m is s io n  a t  low te m p era tu re s  (80 K) 
fo r  th e  c a s e  of g r a f o i l  w i th  h e l iu m . However th e  exp er im en t was 
in c o m p le te  and i t  would be n e c e s s a r y  to  m od ify  a system  t o  study th e  
e f f e c t  o f  he l ium  on t h e  s u r fa c e  o f g r a f o i l  b e f o r e  d r i v i n g  f u r t h e r  
c o n c l u s i o n .
* * * * * * * * * * * * * * * * * * * *
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APPENDIX I
The f i r s t  law of thermodynamic i s  
dE=dQ-I X dXm m m
w here E i s  e n te r n a l  energy and q i s  e x t e r n a l  h e a t  exchange i n  system  
and X ^ d en o ted  t o  p r e s s u r e ,  volum e, a r e a ,  e t c .  From th e  H elm holtz  
f r e e  energy  we can w r i t e
SdT+dF+TdS=dQ- I  X dX
m m m
or dF=-SdT -  I  X dX
m m m
h e r e  X dX =PdV+VdP+ ^PdA+Ad  ^ . The p a r t i a l  d e r i v a t i o n  o f  abve  
m m
e x p r e s s io n  g i v e
P = -(d F /d V L  and </>=-(dF/dA)
t, a  t , v
w here P i s  vapour p r e s s u r e  and V i s  volum , A i s  s u r fa u c e  a rea  and 9 
i s  f i l m s  p r e s s u r e  on th e  s u r f a c e .
In th e  r e a l  a d s o r p t io n  system  th e  s e p e r a t i o n  betw een  f i l m s  and v a p o u rs  
a r e  n o t  e x a c t ,  th e  a ssu m p tio n s  a r e  summerise as
a)T he vapour volume r e l a t i v e  to  w h o le  volume of system  i s  so  sm a ll  in
range of s u r fa c e  f i l m s .
b)The volume of th e  a d s o r p t io n  f i l m s  i s  so sm a ll  f r a c t i o n  o f  t h e  w h o le  
system  volum e.
c)a n y  d i s t r o t i o n  or d e fo r m a tio n  on th e  s u b s t r a t e  d i r e c t l y  e f f e c t e d  on
t h e  f i l m s .  A l l  th e  m easur in g  must be measured i n  e q u i l ib r iu m  s t a t e .  
C o n sid er  on i s o l a t e  a d s o r p t io n  system  w i th  t o t a l  f i x e d  en erg y  E,
volume V, a d s o r p t io n  a re a  A, and number o f th e  p a r t i c l e  N. So t h e  
t o t a l  en tropy  and en ergy  are
E=Eg+ E g=C onstant, 8= S^+ S^=Consta n t
w here S = 8^+83 t h a t  f i l m s  and vapour e n t r o p i e s .  AT e q u i l ib r iu m  system  
tem p era tu re  o f  th e  s u b s t r a t e  i s  eq u a l w i th  tem p era tu re  o f th e  a d so rb er
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The maximum en tropy  exchange i n  th e  system  i s  c o n s ta n t  t h e r e f o r e
(d S s /d E3 >^^^0 , and a l s o  ( d S ^ / d E g ^ ^
Now we c o n s id e r  th e  excahnge o f  p a r t i c l e s  betw een  f i l m  and vapour a t
e q u i l ib r iu m  th e  en tropy  i s  a maximum, so t h a t  (dS/dN, ) =0 .
f
T h e r e f o r e  th e  p a r t i a l  d e r i v a t i o n  o f  th a t  i s  g i v e n
A c co rd in g  t o  a ssu m p tio n  ( c )  any ch anging  on  second  term  of e x p r e s s io n
above a c t u a l l y  embedded in  th e  f i r s t  term , (dS / dN ) .  T h e r e fo r e  by 
ig n o r in g  second  term we have th e  fundam ental e q u a t io n  o f  v a p o u r - f i lm  
eq u lib r iu m .
T h is  e q u a t io n  i n v o l v e  w i th  ch em ica l p o t e n t i a l  o f  f i l m  and v ap ou r .  
From p r e v io u s  fo rm o la  f o r  d i f f e r e n t i o n l s  o f  E and F can be w r i t e  
dE=T(d^ +dS^ + dSg ) -  9 dA-PdV+ ^  dN^  +4g dNg + ^ ^dNy 
Then i t  can e a s i l y  f in d  out th e  ch em ica l  p o t e n t i a l  i s  p a r t i a l
d e r i v a t i o n s  lo f  th e  e n e r g ie s  and e n t r o p i e s  as
As=(dEs/dNs /d«s)E,A,N^ N,
M„=( dE  ^/dNv /dH , ,N3
The h e lm h o ltz  and Gibbs f r e e  e n e r g ie s  and a l s o  t h e  e n th a lp y  from th e
th erodynam ic  law s f o r  th e  a r b i t a r y  system  a re
F=E-TS
X„dX„
X„,dX3,
By d i f f e r e n t i a t i n g  each  s t a t e  and s u b s t i t u t i n g  t h e  dE we can w r i t e
dF=-SdT- 9 dA-PdV+Z X^dX^ 
dG=-SdT-Ad9 -VdP+Z X^dX^ 
dH=TdS+Adf +VdP+Z X ^ X ^
T hese a r e  a l s o  proved t h a t  th e  ch em ica l  p o t e n t i a l  o f  th e  t h r e e  s t a t e s
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r e l a t e d  t o  p a r t i a l  d i f f e r e n t i a l  f u n c t i o n  o f  H e lm h o l t z ,  Gibbs,  and
e t h a l p y  w i t h  r e s p e c t  t o  N. , t h e r e f o r e  can be w r i t e
^ = ( d F / d N ; )  =(dG/dNj)  =(dH/dNj)
T.'5P3Ni*j
Now by t h e  assuming t h a t  t h e  s u b s t r a t e  has  h o m ogen e i ty  s u r f a c e ,  th en  
i n  e q u i l i b r i u m  s t a t  . Apart  from s u b s t r a t e  i n t r a c t i o n  i f  we
assuming t h a t  t h e  vapour behave l i k e  th e  i d e a l  g a s .  The Helmholtz  
f r e e  ener gy o f  an i d e a l  c l a s s i c a l  gas  i s  g i v e n  by
F =-N kTLnCe V/N A )
V V V
112 ,
w here,  A=h/(27rmkT) i s  thermal  De B r o g l i e  w a v e l e n g t h .  Simply i t  can  
c a r r i e d  ou t  t h e  entropy  of t h e  va pour ,  vapour p r e s s u r e  and ch em ic al  
p o t e n t i a l  as
5/2 3
S = - (d F _ /d T )  =N kLn(e V/N A )
N ,  V
P=-(dFy/dV) =NykT/V
 ^ 3 3
M =(dFy/dNy)  =-k1Ln(V/N^A ) =-k1Ln(kT/P^ A )
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APPENDIX II
GRAFOIL AT HIGH VACUUM RUN#=33GHE 1 2 / 3 / 8 5
1 2 /  3 / 8  5
TIME NOV 1 6 : 4 9 : 3 8  SINCE START, 1 : 5 9 : 2 8  
RUN- = 3 3  
DTC SET TO 6 . 2 0 6 M V  
D T C =6 .2 0 8 M V  T E M P = 3 9 9 .9  7K TEM P REQ= 4 0  0 .  OK 
39 9 . 9  7
LIVE  TIME 
PRESET LIVE TIME
r e a l  t i m e
PRESET r e a l  t i m e  
ELAPSED TIME 
CYCLE
671 7
0
7 2 0 0  
7 20 0  
0 
0
CENTRE CHANNEL INTE GRAA
3 5 4  7 59 22 63
3 3 6 0 5 8 9 59 0 5 3 3 5 7 2 58 9
3 3 6 5 5 7 6 59 8 5 4 0 5 59 5 7 2
3 3 70 5 79 5 2 8 5 7 3 5 3 9 5 72
33  75 59 1 58 0 5 4 1 5 8 3 5 39
3 3 8 0 56 1 5 6 0 6 1 9 5 8 3 6 0 6
3 38 5 5 9 2 5 5 5 58 3 5 79 5 5 2
339 0 5 4 5 5 7 4 5 5 3 5 78 5 6 4
3 3 9 5 6 0 7 5 5 9 5 5 9 5 8 2 5 9 9
3 4 0 0 5 4 2 5 5 5 5 1 5 5 6 5 5 7 6
3 4 0 5 59 1 5 74 5 8 6 58 4 5 69
341 0 5 79 609 5 8 8 5 8 9 5 6 8
3 4 1 5 5 6 6 5 75 5 5 4 5 5 3 5 7 3
3 4 2 0 6 1 4 6 1 5 5 8 5 5 4 4 6 0 1
3 4 2 5 5 7 6 5 6 3 5 8 3 601 5 4 3
3 4 3 0 5 6 0 5 8 5 5 8 8 6 1 0 59 0
3 4 3 5 6 3 2 6 2 6 6 1 5 ' 6 3 9 6 6 5
3 4 4 0 6 3 0 6 1 2 6 36 6 6 0 738
3 4 4 5 71 1 769 8 7 0 9 9 9 1 1 18
3 4 5 0 12 79 1 5 5 3 1 8 6 8 2 1 9 5 2 3 5 9
3 4 5 5 2 3 2 9 2 9 8  5 31 35 3 3 0 3 3 2 0 5
3 4 6 0 31 14 2 8 3 1 2 389 21 06 1 78 2
3 4 6 5 1 4 3 3 1 2 5 0 1 08 7 8 8 6 8 4 5
3 4 7 0 714 7 25 6 3 9 5 8 6 59 5
34 75 6 3 2 6 2 4 5 9 3 6 1 2 5 5 9
3 4 8  0 59 6 6 2 3 6 39 6 0 2 5 7 3
343  5 6 39 6 0 2 6 0 2 5 5 2 6 2 5
34 9  0 6 2 9 5 6 6 6 24 58 5 5 5 6
3 4 9 5 6 2 8 59 3 5 9 9 5 7 4 60 1
350 0 5 79 6 14 6 0 3 5 4 2 6 1 4
3 5 0 5 6 2 6 5 79 5 8 6 5 6 2 5.75
351 0 5 9 5 59 5 6 1 6 59 0 6 1 9
351 5 5 4 7 5 7 8 5 6 7 6 0 5 6 0 8
2^5
3 5 2 0 6 2 6 59 5 5 9 4 6 1 4 5 7 0
3 5 2 5 5 69 6 2 7 5 8 5 6 4 6 6 29
353  0 661 6 5 1 6 4 7 5 78 6 2 0
3 5 3 5 6 6 8 6 27 6 5 6 6 2 4 6 6 2
2 5 4 0 6 4 4 69 7 6 4 1 6 3 7 6 7 0
3 5 4 5 6 4 5 6 5 8 6 6 7 6 4 3 6 7 4
3 5 5 0 6 6 7 7 0 3 6 8 0 7 0 2 7 3 4
3 5 5 5 8 2 0 76 2 7 5 0 7 3 5 7 6 5
3 5 6 0 8 4 8 8 46 8 3 6 8 39 9 21
3 5 6 5 9 14 9 5 6 8 89 9 4 8 1 079
35 70 1 142 1 1 73 1 2 1 7 1 39 3 1 4 3 0
3 5 7 5 1 54 7 16 47 1 8 3 9 201 3 2 1 6 0
3 5 8 0 2 3 4 3 2 6 4 8 2 9 8 8 3 3 3 7 3 8 4 7
3 5 8 5 4 2 1 2 4 7 5 3 5 1 9 8 5 8 4 7 639 5
359  0 7 0 7 0 7 739 8 6 3 0 9 2 4 2 9 8  5 0
359 5 1 0 6 4 1 1 1 3 6 6 1 2 0 5 8 1 2 9 1 5 1 3 5 2 4
3 6 0 0 1 4 0 2 1 14 739 1 5 3 4 6 1 5 7 5 8 1 59 9  6
3 6 0 5 16 353 1 6 6 0 9 16 78 1 1 6 7 3 8 1 6 4 7 3
3 6 1  0 1 6 3 0 7 1 6 3 4 5 15 8  13 15 469 1 5 0 0 0
3 6 1 5 1 4 1 8 4 1 3 6 1 7 1 2 9 9 0 1 2 3 5 7 1 1 59 4
3 6 2 0 10 723 1 0 1 4 8 9 4 6  4 8 5 8 9 7 7 9  5
3 6 2 5 7 193 6 3 3 5 5 758 5 1 1 1 4 6 2 4
3 6 3 0 4 0 6 3 3 6 0 4 3 0 7 6 2 7 3  7 2 4 8 8
3 6 3 5 2 1 6 4 1 9 7 0 1 73 7 1 5 1 2 13  20
36 40 1 3 0 7 1 0 79 1021 1 0 1 7 89 1
3 6 4 5 8 33 8 38 7 4 9 7 4 7 6 4 3
3 6 5 0 6 5 8 6 5 2 6 3 4 6 0 6 5 6 7
3 6 5 5 6 0 0 5 38 5 8 5 5 6 0 5 3 4
3 6 6 0 5 1 4 4 74 5 18 49 8 4 8  7
3 6 6 5 51 6 4 4 7 4 6 3 4 4 3 4 6 3
3 6 7 0 4 6 4 4 78 4 5 6 4 5 1 4 6 7
3 6 7 5 4 2 3 4 5 0 431 4 6 7 4 3 4
3 6 6 0 41 2 39 0 4 18 4 3 2 39 3
3 68 5 4 4 7 42  7 4 0 6 4 49 4 4 5
369 0 4 5 3 4 0 6 4 05 4,00 4 2 7
269  5 421 3 9 6 4 0 7 3 9 0 4 0 5
3 70 0 4 06 39 2 4 0 2 4 08 4 20
3 7 0 5 4 33 3 70 3 9 8 3 8 0 3 73
3 7 1 0 4 0 3 4 22 39 3 4 0 2 3 8 5
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APPENDIX I I I
PROGRAM CURPIT
T h i s  program employes  t h e  NAG s u b r o u t in e  E04FCF ( b a s e d  and H aorw e l l  
r o u t i n e )  t o  make a f u n c t i o n  n o n - l i n e a r  f i t  by l e a s t  s q u a r e s  f i t t i n g  
method.  The c e r t a i n  parameters  a r e  g i v e n  a s  in p u t  i n c l u d i n g  t h e  d a t a ,  
and a f t e r  m i n i m i z a t i o n  t h e  a j u s t a b l e  param ete rs  a r e  g i v e n  a s  o u t p u t .  
A f t e r  m i n i m i z a t i o n  co m plet e  th e  s ta n d a rd  d e v i a t i o n  o f  t h e  output  
p a ra m eters  a l s o  c a l c u l a t e d  by program.
POGRAM CÜRFIT
DIMENSION ( v a ri a b le s ) ( t h e  c o r r e c t  d im e n s io n  must be g i v e n )  
EXTERNAL FUNCTIONS 
READING THE INPUT DATA 
CALCULATING THE WEIGHT
CALL THE NAG E04FCF(X,Y,  )
CREATED A FILE FOR OUTPUT PARAMETERS 
CALCULATED THE CHI-SQUARED 
STANDARD DEVIATION CALCULATION 
STOP 
END
THE FUNCTION REQUIRED
The u s e r  has  t o  supply a FORTRAN f u n c t i o n  t o  c a l c u l a t e d  t h e  y v a l u e  on  
t h e  curve  f o r  g i v e n  x .  T h is  s hould  have  t h e  r e a l  f u n c t i o n .
REAL FUNCTION VALUE(N,PAR, X)
DIMENSION PAR(N) n i s  number of t h e  v a r i a b l e  p a ram e te rs
VALUE= NON-LINEAR FUNCTION USED
RETURN
END
The in p u t  d a t a  a r e  1) N number of th e  v a r i a b l e  p a ra m eters  2 )  M t h e  
number of  t h e  data  p o i n t s  3) t h e  i n i t i a l  g u e s s  f o r  para m e ter s  4 )
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v a r i a b l e  x ,  y ,  and w e i g h t  f o r  each da ta  p o i n t s .  A f t e r  s u c c e s s f u l  
co n v e r g en c e  i t  sh ould  p r i n t  IFAIL=0 and t h e n  t h e  g i v e s  t h e  v a l u e s  of  
t h e  param eters  a f t e r  m i n i m i z a t i o n  w i t h  s ta n d a rd  d e v i a t i o n  e r o r r .
The f u n c t i o n  v a l u e  f o r  a n a l y s i s  o f  spectrum of  G a u s s i a n  and i n v e r t e d  
p a r a b o la  c o n v o l u t e d  w i t h  r e s o l u t i o n  f u n c t i o n  i s  
REAL FUNCTION VALUECN,PAR,X)
DIMENSION P A R (N),R(200) ,C (2 00 )
C R i s  t h e  r e s p o n s e  f u n c t i o  arr ay
C C i s  t h e  a r e  of spectrum data  p o i n t s
DATA IN ( f o r  r e s o l u t i o n  f u n c t i o n  Sr)
I=IFIX(X+.05)
IF(MC.EQ.1)G0 TO 888  
2 S=0
DO 6 K=1 ,M
J=IBAR+I-K [IBAR i s  c e n t r o i d  o f  t h e  r e s o l u t i o n  f u n c t i o n ]  
I F ( J . L T . l ) J = 1  
IF(J.GT.M)J=M 
6 S=S+R(J)*C(K)
COUNTS=S+BACKGROUND [polynomial or erorr fun ction ]
MC=MC+1 
GO TO 999 
888 DO 4 J=1,M
T=PAR(1)-FL0AT(J) [PAR(l)  i s  peak c e n t e r ]
GW=T*T/PAR(3)/PAR(3) [PAR(3) i s  G a u s s i a n  w i d t h ]  
PW=T*T/PAR(5)/PAR(5) [PAR(5) i s  P a r a b o la  w i d t h ]
PARA=0
GUASS=0
IF(GW.LT.200)GUASS=PARA(2)*EXP(-GW) [PAR(2) i s  G auss ian
h i e g h t ]
238
IF(PW.LE.1.)PARA=PARA(4)*[1.-PW] [PAR(4) i s  P a ra b o la  h ie g h t ]
4 C(J)=GUASS+PARA 
GO TO 2 
999 VALUE=COUNTS 
RETURN 
END
The e x t r a  G auss ian  or any o t h e r  f u n c t i o n  can be added t o  t h i s  preogram  
t o  m i n i m i s e .
************* ** ** ** ** ** *
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A bst r a c t
Positron annihilation in tin has been studied as a function o f temperature. The 
D oppler broadening of the 511 keV line has been measured with a germanium  
photon detector system. For annealed white tin the positron parameters show  only  
a small increase on approach to melting. For the tin sample plastically deformed at 
77 K, the grey-w hite phase transitions are strikingly manifested at 240 and 300 K.
§1 . In t r o d u c t io n
This study concerns positron annihilation in tin. Measurements on annealed tin are 
reported which shed light on the creation of lattice vacancies as temperatures approach 
the melting point, and measurements on plastically deformed tin are reported which 
illuminate the nature of the phase transitions from white to grey to white tin as the 
temperature is varied.
It is well known that the Doppler broadening of the 511 keV photon line arising 
from positron annihilation is a sensitive indicator of characteristics o f the site o f a 
positron at the instant of its annihilation (West 1979, Brandt and Dupasquier 1983). 
The technique reveals information about the momentum distributions of electrons 
selected for annihilation, which in turn can yield information on the nature of the 
lattice, and on the existence or creation of defects such as vacancies, dislocations and 
voids. Parameters such as the vacancy formation enthalpies and entropies may be 
determined with some confidence.
§ 2. D o p pl e r  b r o a d e n in g  m eth o d
The shape of the 511 keV photopeak measured with a high-resolution germanium  
detector can indicate the relative proportions of conduction and core electrons that 
participate in the annihilations. The geometry of a typical experiment is to sandwich a 
carrier-free positron-emitting radioactive source such as ^^NaCl between two speci­
men metal plates. The energetic positrons are rapidly thermalized within the metal in 
about 10“ ^^s, which is short compared with the typical positron lifetime of about 
10“ ^°s. A consequence is that, compared with the electron velocities, the positron has a 
negligible speed; hence any Doppler broadening arising from the m otion of the centre- 
of-mass of the e "^ 6“ pair is mainly attributable to the electron velocity.
Figure 1 shows the line shapes corresponding to positron annihilation in deformed 
tin at two different temperatures, together with the line shape for the m onochrom atic 
514 keV gamma ray from ®^Sr which indicates the intrinsic resolution of the system. 
The Doppler broadening of the line is easily visible and it can be reasonably expressed
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Exam ples o f line shapes. T o the right is the response o f the photon detector to a m onochrom atic 
gam m a ray at 514 keV. T o the left are tw o D oppler-broadened 511 keV lines for white tin 
and grey tin.
as the sum of two com ponents, a parabolic curve representing annihilations with free 
conduction electrons, and a Gaussian representing essentially annihilations with 
bound core electrons in the metal. The observed curve is given by these components 
convoluted with the resolution function (Rice-Evans, Chaglar and El Khangi 1981)
[1 — (x' — x)^/2crp]R(x — x') dx.
f { x ) ^ A  exp [ —(x'—x)7 2 cTg]R(x:—x')dx'
+  B
ffpv'2
-<TpV2
The simplest linear parameter which can be used to characterize changes in the line 
shape is the line-height parameter F  (some physicists use S), the ratio of the counts in a 
selected band of channels in the centre of the line to the counts in the whole line. Thus, 
an increase in F  indicates a narrowing of the line, which usually signifies an increase in 
the proportion of the parabolic component.
In the present experiments the annealed sample consisted of two 15 x 15 x 1 mm^ 
pieces of 99-999% pure tin, supplied by M etals Research Ltd., which were spark cut and 
then etched in a mixture of nitric acid and alcohol. After direct deposition of the source 
within a central circle of diameter 3 mm, and com position into a sandwich, the sample 
was annealed at 450 K  in a vacuum of 3 x 10“ ® mbar for 15 hours and allowed to cool 
slowly to room  temperature over 8 hours. It was then transferred to a vacuum cryostat, 
the temperature of which could be accurately controlled in the range 4-2-430 K. The
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higher temperature range (300-500 K) was studied by placing the sample in a vacuum  
furnace.
The plastically deformed specimen was two 10 x 10 x 2mm^ pieces of the same tin. 
After production of the radioactive sandwich, the whole sample was placed in a bath of 
liquid nitrogen which lay between the jaws of a hydraulic press. The application of 
10 tons pressure resulted in a reduction of sample thickness at 77 K from 2 mm to 
1 mm. The sample was immediately transferred to the cryostat at 77 K during which 
operation the temperature was monitored and seen not to rise above 90 K.
§ 3. P o sit r o n  t r a p p in g  b y  la t t ic e  defec ts
Defects such as vacancies appear as attractive potential wells that trap slow  
positrons diffusing through a lattice. Positrons annihilating in traps experience an 
electron environment that differs from the bulk lattice and hence a different F  
parameter signature is likely to result; This has been exploited in the so-called trapping 
model, on which several excellent reviews have been written (see for example. West 
1979, Brandt and Dupasquier 1983). The model has been especially successful in 
m onitoring the creation of vacancies as the sample temperature is raised. Furthermore, 
the dimensions and depths of the wells vary according to the type of defect (vacancy, 
dislocation, void, etc.) and thus in many cases the F  parameter may distinguish them.
The concentration of thermally created vacancies as the temperature of the crystal 
is raised is given by
Cy =  exp {Sy/k) exp ( -  Hy/kT) ,
where Sy and Hy  are the entropy and enthalpy of vacancy formation.
The parameter F  may indicate linearly the proportion of positrons trapped
F = F,Pf + FyPy,
where F^ corresponds to Pf =  1, that is 100% of positrons annihilating in the free state, 
and F  y corresponds to Py, that is, 100% trapping; Pf +  P y = l . F y i s  expected to exceed Ff  
because positrons trapped in vacancies will be more likely to annihilate with 
conduction electrons.
It follows (Rice-Evans et al. 1978 that
= ((TTf) exp {Sy/kT)  exp { - H y/kT) ,
where a  is the trapping rate, and tf is the lifetime o f the free positron in the lattice. This 
expression may be fitted to data to yield values of Hy  and Sy.
In practice it is observed that in the temperature region below the onset of vacancy 
production, the F  parameter exhibits an approximately linear ‘prevacancy rise’. This is 
naturally associated with the thermal expansion of the lattice; however, it remains to be 
properly explained (see, for example, Stott and W est 1978 on lattice vibrations; Rice- 
Evans, Chaglar, Khangi and Berry 1981 on orientational effects; and Smedskjaer 1983 
on positron detrapping). In any event, it is customary to write F f = F { °  ( i + ^ T )  and 
extrapolate it into the vacancy region; in other words, to fit the data to
_  Ff °(1 +  m  +  F . A  exp ( -  Hy/k T)
l + A e x p i - H J k T )
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The positron annihilation signature has also been exploited in elucidating the 
nature of annealing processes as a function of rising temperature, for example the 
m igration of vacancies to form clusters in quenched samples (West 1979, Niem inen and 
M anninen 1979). Also, studies on a variety of plastically deformed metals in the 
temperature range 4-400 K have revealed a number of distinctive features associated  
with altering defect distributions (Rice-Evans et al. 1978 b).
The wavefunction of a positron trapped in a well is localized and the uncertainty 
principle therefore leads to some zero-point m otion. This m otion causes an extra 
D oppler broadening of the shape of the 511 keV photopeak. Jackman, Schulte, 
Campbell, Lichtenberger, M acKenzie and Wormald (1974) have shown that trapping 
in deep wells can be accom modated by fitting with an extra Gaussian broadening term, 
and this has also been achieved by Rice-Evans et al. (1981) with cadmium.
§4. P h a s e  t r a n s i t i o n s  in  t i n  
The first scientific report of a low-temperature phase of tin was given by Erdman in 
1851. For more than a century, extensive studies were conducted on the transform­
ations leading to this non-metallic grey (a phase) tin from the com m only known white 
(P phase) tin, and these have been summarized by Busch and Kern (1960). The a phase, 
which is stable below 286-4 K, forms spontaneously if metallic P tin is kept below this 
temperature for sufficiently long periods (days to years). The transformation is 
accompanied by a 27% increase in volume, and a piece of white tin becom es a powdery 
mass of grey tin. Typically, after a certain incubation period, the transformation starts 
at one or several points on or near the surface and spreads out spherically until the 
whole piece is transformed, although there are indications that a small percentage 
remains untransformed (Burgers and Groen 1957). Grey tin converts back to white tin 
in a shorter time if it rises above the equilibrium temperature. Alpha tin has a diamond 
structure with a density o f 5-76 g cm ” ^  and the P phase has a body-centred tetragonal 
structure with a density of 7-29 g cm
It has been accepted (Busch and Kern 1960) that the transition from P to  a requires 
two processes: an incubation period in which a nuclei are formed, followed by a period 
of spherical growth at a linear rate. Various factors influence the processes, for example 
impurities or previous treatments such as cold-working and annealing. The atomic 
mechanism for the P to  a transition has not been established, but som e observations 
indicate that the a t o P  process is o f the diffusionless or martensitic type.
Traditionally, quantitative information on the transformations has been obtained 
(a) by dilatometric measurements on the change of volume, and (b) by direct 
observation of the m otion of the phase boundary; but recently more modern techniques 
have been used to study the phases, such as X-ray crystallography (Burgers and Groen 
1957) and M ossbauer isomeric shifts (Nikolaev, Mar’in, Panayishkin and Pavlynkov 
1973). The phases of tin have also been studied with annihilating positrons. Badoux, 
Heinrich and Kallmeyer (1967) used the angular correlation m ethod to establish the 
different momentum distributions of the electron participating in the annihilations for 
a and P samples and Puff, Mascher, Kindi and Sormann (1983) used positron lifetime 
measurements to indicate that the P to  a  transformation occurred at 230 K.
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The variation o f the F  parameter as a function o f temperature for annealed tin, show ing only a 
m odest rise at high temperatures resulting from the creation o f vacancies.
§ 5. R esu lt s  a n d  d is c u s s io n
5.1. Results  f o r  annealed tin
Figure 2 shows the curve of F  parameter versus temperature plotted over the range 
4 2  K to the melting point. Each point corresponds to a run of 2 hours with intervals of 
30 min for adjusting and stabilizing the temperature.
The curve appears flat up to 200 K, then rises apparently linearly between 200 and 
400 K with what is presumably the customary prevacancy rise. Thereafter the curve 
rises m ore steeply, corresponding, one assumes, to the trapping of positrons in an 
increasing concentration of thermally produced point vacancies. In contrast with many 
other metals, there is little evidence of a saturation pattern (i.e. a plateau) as the melting 
point at 509 K  is approached.
The curve has been fitted with the expressions outlined in § 3. W hen the prevacancy 
rise is fitted with a straight line from 200 K upwards and extrapolated into the vacancy 
region (> 4 5 0 K ) the value obtained for the vacancy formation enthalpy ( i /J  is 
0 56 +  0 01 eV. The slope (j?) o f the prevacancy rise is (28-0 +  4) x 10“ ®. W hen the 
analysis includes self-trapping the value of reduces to 0 52 +  0-02 eV. It is estimated  
that the proportions of positrons trapped at 500 K are 67% and 63% for the two cases, 
respectively (El Khangi 1980).
5.2. Residts  f o r  deformed tin
Figure 3 shows the line-height parameter (F) plotted as a function of temperature, 
the sequence of measurements being indicated alphabetically. The white tin sample was 
compressed at 77 K and the 2 hour runs started, as indicated at + . N o  change is seen for
436 P. C. Rice-Evans et  al. 
Fig. 3
0 . 5 0
cc
LU 0.  48 
I—
LU51
C
cr
CL
0 . 4 6
0 . 4 4
F R
%♦** ****** *
M N
***•/ *^***
I J K
100 200  300  400
T E M P E R A T U R E  (K)
The variation o f the F parameter as a function o f temperature for tin plastically deformed at 77 K. 
The measurements are indicated sequentially A to S. The high values (% 048) indicate 
grey tin; the low  values (% 046) correspond to white tin.
A -B -C -D , but after 235 K F  suddenly increases (D -E -F ). This demonstrates the rapid 
transition from white to grey tin which corresponds to the reduced metallic density. 
The sample remains grey until 300 K (F) when it quickly reverts (G -H -I) to white tin. 
The sample was further raised in temperature (I-J-K ) during which a thorough  
annealing must have occurred, the melting temperature being 505 K.
The sample was reduced again to 77 K and a similar sequence of measurement 
started. It may be seen in the figure that the F  values for annealed white tin (L -M -N -O )  
are significantly lower than (A-B-C ). This can be ascribed to the high concentration of 
defects in the early Ufe of the sample. These defects, introduced by the compression, act 
as traps for the positrons and produce higher values in F; but just as tin is unusual in 
yielding small values of F^ for saturation trapping in vacancies at high temperatures 
(§ 3), so too the change in F corresponding to high concentrations of defects at low  
temperatures is also small, say, compared with cadmium (Rice-Evans et al. 1978).
The white tin transforms to grey once more (O -P) at about 230 K  and remains so 
until 290 K (P -Q -R ), The experiment was concluded at 290 K (R) by lowering the 
temperature o f the sample to 80 K, at which temperature two more runs were taken (S). 
The high F  values at S indicate that the sample remained in the grey tin state.
Finally, the sample was extracted from the cryostat and the metal was discovered to 
have been reduced to a fine powder.
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5.3. Defects in tin
In his m odel o f the positron trapping process at vacancies, applying the 
Schrodinger equation to an effective potential well, H odges (1970) did not discern any 
anom alous results for positrons in tin. Whereas he found a trapping potential of 5 2 eV 
and a positron binding energy of l-4eV  for traps in tin, he found virtually the same 
values (4 9 and 1 4  eV) for indium which is known to exhibit a large trapping effect (see, 
for example, Rice-Evans, Hlaing and Chaglar 1977).
Both indium and white tin have a body-centred tetragonal structure and their 
valences are 3 and 4, respectively. In his discussion of the curious case of tin, Seeger 
(1973) points out that although the higher valence of f - S n  should favour positron  
trapping, three other features militate against it. The radius of the Sn*+ ion is 0-71Â 
(Pauling 1968), which is small compared with half the interatomic distances (1-4 Â and 
1-51Â). Thus, in spite of its 4dU° core, p S n  must be considered as a metal with narrow  
cores, and hence likely to have shallower traps. Furthermore, inward relaxation of the 
atom s surrounding a vacancy may seriously reduce the trapping probability at such a 
site. The value of the tracer self-diffusion coefficient of 5 x 10~“  cm^s"^ (Nachtrieb 
and C oston 1965) leads to a very low  value of 0 25 for the m onovacancy formation  
volume in tin (cf. 0 45 in indium, 0 8 in copper), and this should result in a smaller 
potential well to attract the positrons. Finally, Seeger contrasts the above self-diffusion 
coefficient for tin with typical values of 10“ ^-10“ ^cm^ s “  ^ for m ost other metals and, 
assuming that the m obility of vacancies near the melting point o f tin is similar to other 
metals, he estimates that the melting point vacancy concentration in f - S n  is three 
orders of magnitude less than in many other metals; tin melts too  early, judged by the 
equilibrium concentration of vacancies.
The values of F  for deformed white tin at low  temperatures (fig. 3) (A -B -C ) are 3 5% 
higher than the values for samples when annealed (L -M -N ). This m ay be compared 
with the rise o f 0 8% when the annealed specimen was taken to high temperatures (fig 1). 
In cadmium, where saturation trapping is seen at high temperatures, the equivalent 
figures are 6 6% and 7 0%, respectively (Rice-Evans et al. 1978). The present authors are 
not aware of any arguments that would link a low  concentration of vacancies at the 
highest temperatures with a low  frozen defect concentration in deformed states at low  
temperatures; one might imagine them to be independent o f each other. In this event 
one would expect AF  to be much greater in the case o f frozen traps. Thus we do not find 
the arguments from positron annihilation for a low on approach to the melting 
point conclusive.
However, evidence of another sort comes from the comparison of macroscopic 
thermal expansion with X-ray measurements of lattice expansion. Balzer and 
Sigvaldason (1979) found them indistinguishable in tin, from which they concluded that 
the vacancy concentration at the melting temperature was low: less than 3 x 10“ ®. 
Nevertheless the result might have other explanations, such as the possibility of 
displaced atoms becoming interstitials.
The findings for (§5.1) agree reasonably with results from other laboratories: 
0-57 eV (M acKenzie and Fabian 1980); 0 51 eV (Dedoussis, Charalambous and 
Chardalas 1977); 0-58 eV (Puff et al. 1983); 0 51 eV (Shah and Catz 1984); 0-54 eV  
(Segers, Dorikens-Vanpraet and Dorikens 1980). The curve concurs with the results of 
M acKenzie and Fabian who observed that the ratio of the threshold temperature for 
trapping by vacancies (450 K) to the temperature of melting is 0 88, in contrast with the 
value of 0 63 found for m ost close-packed metals.
Puff et a l  (1983), on the basis of lifetime measurements, believed they could
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distinguish two regions in the prevacancy rise; the first, 230-370 K, being attributable 
to thermal expansion and the second, 380-450 K, which is steeper, corresponding to a 
temporary localization of positrons in dilation zones of the lattice. The present results 
do not indicate this distinction of two regions, and in accord with our previous findings 
(see, for example, Rice-Evans et al. 1981) in the present authors’ opinion the major 
theoretical question of the origin of the prevacancy rise remains unresolved.
5.4. Discussion on phase transit ions in tin 
W hereas the annealed sample showed no signs of the a - f  phase transition as the 
temperatures were varied, it is clear from the results on the deformed specimen that a 
high concentration of defects promotes the transitions. Assuming the overall effect 
corresponds to a 100% transition, it is seen that approximately 85% of the white tin is 
transformed to grey in 2 hours (O -P), the F  parameter being a linear indicator. 
Similarly the grey to white transition (G -H -I) is seen to occur in 4 5 hours, with 61% 
transforming in about 2 hours (H-I). Thus, the positron annihilation m ethod can 
indicate the phase transition rates and transition temperatures for tin rather accurately, 
and possibly uniquely. The m ethod could be further refined by conducting a series of 
measurements with various degrees of plastic deformation and correlating defect 
concentrations with rates of phase transition.
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N o t e  added in p roo f  
W. Puff, P. Mascher, P. Kindi and H. Sormann reported observations in the phase 
transitions in tin at the Seventh International Conference on Positron Annihilation in 
Delhi, January 1985. Their results are to be published.
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SEARCH FOR A MONOLAYER SURFACE O F OXYGEN ON EX FOLIATED 
GRAPHITE AT LOW TEMPERATURES
P . O .  R i c e - F . v a r i r i , M. M o u s s a v i - M a d a r i i , K . U .  R a o  a n d  B . p .  C o w a n
D e p a r t m e n t  o f  P h y s i c s ,  B e d f o r d  C o l l e g e ,
R e g e n t ' s  P a r k ,  L o n d o n  NWl 4 N S , E n g l a n d .
T h e  r e s u l t s  a r e  p r e s e n t e d  o f  a  p i l o t  s t u d y  d e v i s e d  t o  d e m o n s t r a t e  t h e  g r o w t h  
o f  a  m o n o l a y e r  s u r f a c e  o f  o x y g e n  d u e  t o  v a n  d e r  W a a l s  f o r c e s .  E x f o l i a t i o n  o f  
g r a p h i t e  i n v o l v e s  t h e  f o r m a t i o n  o f  i n t e r c a l a t i o n  c o m p l e x e s  w i t h i n  l a y e r -  
s t r u c t u r e d  c r y s t a l s ,  a n d  s u b s e q u e n t  h e a t i n g  w h i c h  e x p l o d e s  t h e  l a y e r s  a p a r t .
I t  f o r m s  a  u n i f o r m  s u b s t r a t e  w i t h  a  l a r g e  a r e a / v o l u m e  r a t i o  [ 9 . 1  x  10® / m  .
A s t a n d a r d  s a n d w i c h  s a m p l e  c o n t a i n i n g  ^ ^ N a C £  w a s  p r e p a r e d  a n d  p l a c e d  i n  a  
c r y o s t a t  a n d  t h e  a n n i h i l a t i o n  r a d i a t i o n  s t u d i e d  w i t h  t h e  B e d f o r d  D o p p l e r  
s p e c t r o m e t e r .  An o r t h o d o x  g r a p h  o f  t h e  l i n e - h e i g h t  p a r a m e t e r  w a s  o b t a i n e d  
w i t h  t e m p e r a t u r e  w h e n  t h e  s a m p l e  c h a m b e r  w a s  e v a c u a t e d .  T h e  i n t r o d u c t i o n  o f  
o x y g e n  a l l o w s  t h e  f o r m a t i o n  o f  a  m o n o l a y e r  o n  t h e  s u b s t r a t e  a t  a p p r o p r i a t e  
l o w  t e m p e r a t u r e s ,  a n d  t h i s  i s  c l e a r l y  i n d i c a t e d  w i t h  t h e  l i n e - h e i g h t  v a l u e s .  
F u r t h e r  l i n e - s h a p e  a n a l y s i s  s u g g e s t s  t h e  f o r m a t i o n  o f  p o s i t r o n i u m  a t  t h e  m o n o ­
l a y e r ,  a l t h o u g h  s o m e  f e a t u r e s  r e m a i n  u n e x p l a i n e d .
P o s i t r o n s  h a v e  b e e n  v a l u a b l e  p r o b e s  i n  S o l i d  
S t a t e  P h y s i c s  f o r  m a n y  y e a r s .  T h e y  h a v e  
e n a b l e d  i m p o r t a n t  a d v a n c e s  t o  b e  m a d e  i n  o u r  
k n o w l e d g e  o f  t h e  b u l k  p r o p e r t i e s  o f  s o l i d s  
i n c l u d i n g  F e r m i  s u r f a c e  s t u d i e s  a n d  i n  t h e  
i n v e s t i g a t i o n  o f  J a t t i c e - d e f e c t s  s u c J i  a s  
v a c a n c i e s ,  v o i d s ,  d i s l o c a t i o n s  ( H a u t o j a r v i ,  
1 9 7 9 )  e t c .  R e c e n t l y  t h e  t e c h n i q u e s  o f  
p o s i t r o n  a n n i h i l a t i o n  h a v e  b e e n  e x t e n d e d  t o  
s u r f a c e s  w i t h  t h e  d e v e l o p m e n t  o f  b e a m s  o f  
l o w  e n e r g y  p o s i t r o n s ,  a n d  r i c h  p a s t u r e s  
r e m a i n  t o  b e  g r a z e d  ( B r a n d t  a n d  D u p a s q u i e r ,  
1 9 8 3 ) .
H o w e v e r ,  l o w  e n e r g y  p o s i t r o n  b e a m s  r e q u i r e  
h i g h  v a c u u m ,  u s u a l l y  u l t r a  h i g h  v a c u u m .
T h i s  f a c t  m i l i t a t e s  a g a i n s t  s o m e  t y p e s  o f  
s u r f a c e  i n v e s t i g a t i o n .  I n  c a s e s  w h e r e  t h e  
s u r f a c e  c o n d i t i o n  i s  i n  e q u i l i b r i u m  w i t h  g a s  
a t  a  r e l a t i v e l y  h i g h  p r e s s u r e  a  b e a m  o f  
p o s i t r o n s  w i t h  e n e r g i e s  o f  t h e  o r d e r  o f  
1 eV  c o u l d  n o t  e a s i l y  b e  t r a n s p o r t e d  t o  t h e  
s u r f a c e .
I n  t h i s  p a p e r  w e  r e p o r t  i n i t i a l  w o r k  o n  a  
s y s t e m  w h i c h  a l l o w s  s u r f a c e s  t o  b e  s t u d i e d ,  
w i t h o u t  t h e  u s e  o f  a  b e a m .  We h a v e  
e x p l o i t e d  t h e  s p e c i a l  p r o p e r t i e s  o f  e x f o l i ­
a t e d  g r a p h i t e  ( k n o w n  a s  g r a f o i l ,  
c o m m e r c i a l l y  a v a i l a b l e  f r o m  U n i o n  C a r b i d e )  
n a m e l y  a  h u g e  s u r f a c e  a r e a ,  i n  t h e  e x p e c t a ­
t i o n  t h a t  a  l a r g e  p r o p o r t i o n  o f  p o s i t r o n s  
m a y  b e  i n d u c e d  t o  i n t e r a c t  w i t h  a  m o n o l a y e r  
s u r f a c e  o f  o x y g e n  l a i d  d o w n  a t  l o w  
t e m p e r a t u r e .
E x f o l i a t i o n  o f  g r a p h i t e  i n v o l v e s  t h e  f o r m a ­
t i o n  o f  i n t e r c a l a t i o n  c o m p l e x e s  w i t h i n  l a y e r -  
s t r u c t u r e d  c r y s t a l s ,  a n d  s u b s e q u e n t  h e a t i n g  
w h i c h  e x p l o d e s  t h e  l a y e r s  a p a r t .  I t  f o r m s  a
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F i g . 1 .  V a r i a t i o n  o f  t h e  l i n e - h e i g h t
p a r a m e t e r  F ,  a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  
f o r  g r a f o i l  i n  v a c u u m  a n d  i n  o x y g e n .
u r i f o r m  s u b s t r a t e  w i t h  a  l a r g e  a r e a / v o l u m e  
r a t i o  o f  9 . 1  X 10® m ^ / m ^ .  I t s  u s e  i s  a n  
e x t e n s i o n  o f  t h e  i d e a  o f  u s i n g  p o w d e r  
s a m p l e s  a s  a  m e a n s  o f  e n h a n c i n g  t h e  a r e a /  
v o l u m e  r a t i o .
A c o n v e n t i o n a l  s a n d w i c h  s a m p l e  c o n t a i n i n g  
^^NaC& w a s  p r e p a r e d .  B e c a u s e  o f  t h e  l o w  
d e n s i t y  ( 0 . 9 4  gm cm ^ ) o f  g r a f o i l  t h e  s o u r c e
672
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was d e p o s i t e d  d i r e c t l y  a t  t h e  c e n t r e  o f  a  
s t a c k  o f  12  p i e c e s  o f  g r a f o i l ,  e a c h  
1 X 1 X 0 . 0 7  cm ®, t h e  n u m b e r  b e i n g  
d e t e r m i n e d  b y  t h e  n e e d  t o  s t o p  a l l  t h e  
p o s i t r o n s .  A f t e r  p r e p a r a t i o n  t h e  s a m p l e  
was t r a n s f e r r e d  t o  a  c r y o s t a t  c a p a b l e  o f  
m a i n t a i n i n g  c o n t r o l l e d  t e m p e r a t u r e s  i n  t h e  
r a n g e  7 7 - 4 3 0 K  a n d  t h e  a n n i h i l a t i o n  r a d i a t i o n  
s t u d i e d  w i t h  t h e  B e d f o r d  p h o t o n  s p e c t r o ­
m e t e r  ( R i c e - E v a n s  e t  a l ,  1 9 7 8 ) .  S h i m o t o m a i  
e t  a l  ( 1 9 8 3 )  h a v e  a l r e a d y  s t u d i e d  D o p p l e r  
e f f e c t s  i n  p u r e  g r a p h i t e  a s  a  f u n c t i o n  o f  
c r y s t a l  o r i e n t a t i o n .
F o r  t h e  p r e l i m i n a r y  a n a l y s i s , w e  h a v e  
e m p l o y e d  t h e  u s u a l  D o p p l e r  l i n e - h e i g h t  
p a r a m e t e r ,  F ,  d e f i n e d  i n  o u r  c a s e  a s  t h e  
c o n t e n t s  o f  t h e  c e n t r a l  1 5  c h a n n e l s  i n  t h e  
511 k e V  p e a k  n o r m a l i s e d  t o  t h e  t o t a l  a r e a  
o f  t h e  p e a k .  I t  i s  a s s u m e d  t h a t  t h e  
p o s i t r o n s  w i l l  r a p i d l y  t h e r m a l i s e  i n  t h e  
c a r b o n ,  a n d  t h e  D o p p l ë r - b r o a d e n i n g  w i l l  b e  
a c o n s e q u e n c e  o f  t h e  m o t i o n  o f  t h e  a n n i h i l a ­
t i n g  e l e c t r o n .  F i g u r e  1 s h o w s  t h e  r e s p o n s e  
o f  t h e  a n n i h i l a t i o n  l i n e  t o  v a r y i n g  s a m p l e  
t e m p e r a t u r e s .  F o r  g r a p h i t e  i n  h i g h  v a c u u m  
o f  a b o u t  1 0 “ ® T o r r ,  t h e  p o i n t s  d i s p l a y  a  
n o t  u n e x p e c t e d  g e n t l e  r i s e  i n  t e m p e r a t u r e ,  
t h a t  i s  c o m m o n l y  s e e n  w i t h  m a n y  m a t e r i a l s  
and o f t e n  a s s o c i a t e d  w i t h  t h e r m a l  e x p a n s i o n  
and o t h e r  p r e v a c a n c y  e f f e c t s .
The g r a p h  a l s o  s h o w s  t h e  e f f e c t s  o f  i n t r o ­
d u c i n g  o x y g e n  i n t o  t h e  s a m p l e  c h a m b e r .
The p r o c e d u r e  a d o p t e d  w a s  t o  i n s e r t  t h e
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P i g . 2 .  R e s u l t s  o f  a n a l y s i s  o f  a n n i h i l a t i o n  
p e a k  f o r  g r a f o i l  o n l y .
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F i g . 3 .  R e s u l t s  o f  a n a l y s i s  o f  a n n i h i l a t i o n  
p e a k  f o r  g r a f o i l  i n  t h e  p r e s e n c e  o f  o x y g e n .
o x y g e n  a t  r o o m  t e m p e r a t u r e ;  a f t e r  w h i c h  t h e  
c r y o s t a t  w a s  c o o l e d ,  s o  t h a t  t h e  w a l l  o f  t h e  
s a m p l e  c h a m b e r  i t s e l f  w a s  r e d u c e d  t o  7 7 K  b y  
c o n t a c t  w i t h  l i q u i d  n i t r o g e n .  T h e  e f f e c t  
o f  t h i s  w a s  t o  r e d u c e  t h e  o x y g e n  p r e s s u r e  t o  
1 6 0  T o r r ,  t h e  e x p e c t e d  e q u i l i b r i u m  v a p o u r  
p r e s s u r e  f o r  o x y g e n  a t  7 7 K  a n d  i t  r e m a i n e d  
c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  I n  t h e  
g r a p h ,  f o r  s a m p l e  t e m p e r a t u r e s  a b o v e  1 6 0 K ,  
i t  i s  s e e n  t h a t  t h e  F  p a r a m e t e r  v a l u e s  f o r  
o x y g e n  l i e  s l i g h t l y  a b o v e  t h e  v a l u e s  f o r  
c a r b o n  i n d i c a t i n g  a  f r a c t i o n  o f  p o s i t r o n s  
a n n i h i l a t i n g  i n  t h e  o x y g e n  g a s  b e t w e e n  t h e  
g r a p h i t e  l a y e r s .
A s  t h e  t e m p e r a t u r e  d e c r e a s e s  w e  e x p e c t  
p h y s i s o r p t i o n  o f  t h e  g a s  t o  c o m m e n c e , 
i n i t i a l l y  w i t h  a n  i n c r e a s i n g  m o n o l a y e r  
c o v e r a g e  ( D a s h ,  1 9 7 5 ) .  We a r e  n o t  c e r t a i n  
a t  w h a t  t e m p e r a t u r e  b i l a y e r s  a n d  m o r e  c o u l d  
b e  l a i d  d o w n ,  b u t  b e l o w  t h e  b o i l i n g  p o i n t  
o f  o x y g e n  ( 9 0 . IK )  w e  a s s u m e  t h a t  t h e  
c r e v i c e s  w i t h i n  t h e  g r a f o i l  w i l l  b e  c o m ­
p l e t e l y  f i l l e d  w i t h  l i q u i d  o x y g e n .
I n  F i g . 1 w e  s e e  t h a t  b e l o w  I b O K ,  w i t h  o x y g e n  
p r e s e n t ,  t h e  v a l u e  o f  F  r i s e s  s h a r p l y ,  b u t  
f u r t h e r  r e d u c t i o n  b e l o w  9ÜK c a u s e s  a  s h a r p  
d i m i n u t i o n  o f  F .  I t  s e e m s  s e n s i b l e  t o  
a s s o c i a t e  t h e  r i s e  w i t h  t h e  p h y s i s o r p t i o n  o f  
a  m o n o l a y e r  o f  o x y g e n .
T o  e x a m i n e  t h e  o r i g i n  o f  t h e  m a g n i f i e d  v a l u e  
o f  F  b e t w e e n  9 0  a n d  1 5 0 K  w e  a n a l y s e d  t h e
674 P. C. R ice-E vans e t  al.
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F i g . 4 .  R e s u l t s  o f  a n a l y s i s :  o p e n  c i r c l e s
r e f e r  t o  g r a f o i l  o n l y ,  s t a r s  t o  g r a f o i l  
i n  p r e s e n c e  o f  o x y g e n .
a n n i h i l a t i o n  p e a k s  i n t o  a  p a r a b o l i c  a n d  a  
G a u s s i a n  c o m p o n e n t  ( R i c e - E v a n s  e t  a l ,  1 9 8 1 )  
T h i s  r e l i e s  o n  c o n v o l u t i n g  t h e  i n t r i n s i c  
r e s o l u t i o n  (R)  o f  t h e  s y s t e m  d e t e r m i n e d  
w i t h  t h e  ^ ^ S r  g a m m a  l i n e  a t  5 1 4  k e V  a n d  
f i t t i n g  w i t h  t h e  e x p r e s s i o n
n +00
f ( x )  = A j e x p [ - ( x ' - x ) ^ / 2 0 g  ] R ( x - x ' ) d x '
/• a / l
; P
+ B [ l - ( x ' - x ) ^ / 2 0 p  ] R ( x - x ' ) d x ' .
-ol/2
F i g s .  2 ,  3 a n d  4  s h o w  t h e  r e s u l t s  o f  t h i s  
a n a l y s i s .  I n  F i g . 2 o n e  f i n d s  r a t h e r  s t e a d y  
v a l u e s  f o r  t h e  G a u s s i a n  a n d  p a r a b o l i c  w i d t h s  
t h r o u g h o u t  t h e  t e m p e r a t u r e  r a n g e  f o r  g r a f o i l  
i n  v a c u u m .  T h e  u s u a l  i n t e r p r e t a t i o n  f o r  
m e t a l s  i s  t h a t  t h e  p a r a b o l i c  c o m p o n e n t  
c o r r e s p o n d s  t o  a n n i h i l a t i o n  w i t h  c o n d u c t i o n  
e l e c t r o n s  a n d  t h e  G a u s s i a n  t o  c o r e  e l e c t r o n s .  
I n  g r a p h i t e  t h e r e  i s  o n e  f r e e  e l e c t i o n  p e r  
c a r b o n  a t o m  [ G a n g u l i  a n d  K r i s h n a n ,  1 9 4 0 ] .  
N o r m a l  t o  t h e  b a s a l  p l a n e ,  a n d  i n  t h e  d i r e c ­
t i o n  o f  o u r  d e t e c t e d  p h o t o n s ,  t h e  e f f e c t i v e  
m a s s  o f  t h e  e l e c t r o n s  i s  l a r g e  a n d  o n e  
t h e r e f o r e  c a n n o t  j u s t i f y  t h e o r e t i c a l l y  t h e  
u s e  o f  a  p a r a b o l a .  F o r  o u r  p u r p o s e s  i t  m a y  
b e  t h a t  a n y  c u r v e  w o u l d  a c t u a l l y  s u f f i c e  -  
a n d  a  p a r a b o l a  i s  c o n v e n i e n t .
p a r a b o l a  t o  a  m e r e  c o u p l e  o f  c h a n n e l s ,  w h i l e  
t h e  G a u s s i a n  w i d t h  r e m a i n s  u n a l t e r e d .  T h i s  
n a r r o w  c o m p o n e n t  w e  s u g g e s t  i n d i c a t e s  
p r e f e r e n t i a l  f o r m a t i o n  o f  p o s i t r o n i u m  a t  t h e  
m o n o l a y e r  s u r f a c e .  F i g . 4  s h o w s  t h a t  t h e  
i n t e n s i t y  ( 6 - 7 % )  o f  t h i s  p o s i t r o n i u m  p e a k  a t  
lOOK n o t  n e g l i g i b l e .  B e l o w  9 0 K ,  t h e  n a r r o w  
c o m p o n e n t  d i s a p p e a r s  a n d  t h e  f i t t i n g s  i n d i ­
c a t e  a  r e t u r n  t o  t h e  w i d e r  p a r a b o l a .  From 
t h i s  w e  c o n c l u d e  t h a t  t h e  f o r m a t i o n  o f  
p o s i t r o n i u m  i s  i n h i b i t e d  e i t h e r  b y  r e l a t i v e l y  
t h i c k  a d s o r b e d  o x y g e n  l a y e r s  o r  b y  t h e  t o t a l  
e l i m i n a t i o n  o f  e m p t y  s p a c e  b e t w e e n  t h e  
g r a p h i t e  s u r f a c e s .  T h e  f i t s  a r e  a l l  
r e a s o n a b l e  w i t h  r e d u c e d  / v  b e t w e e n  0 . 9  and 
1 . 3 .
T h e s e  s t u d i e s  c o m p l e m e n t  t h o s e  o f  L y n  an d  
L u t z  ( 1 9 8 0 ,  1 9 8 3 )  w h o  o b s e r v e d  p o s i t r o n i u m  
f r a c t i o n s  e m i t t e d  f r o m  a l u m i n i u m  s u r f a c e s ,  
a f t e r  e x p o s u r e  t o  v a r i o u s  l e v e l s  o f  o x y g e n  
a t  3 0 0 K ,  u s i n g  a  l o w  e n e r g y  p o s i t r o n  beam .  
T h e y  d e t e c t e d  o r t h o  p o s i t r o n i u m  b y  o b s e r v i n g  
t h e  3 - p h o t o n  r e g i o n  o f  t h e  s p e c t r u m .  O ur  
r e s u l t s  b e l o w  9 0 K  -  i . e .  t h e  d i s a p p e a r a n c e  
o f  t h e  p o s i t r o n i u m  -  c o i n c i d e  w i t h  L y n ' s  
f i n d i n g  t h a t  t h e  p o s i t r o n i u m  f r a c t i o n  
d e c l i n e s  w i t h  l a r g e  o x y g e n  e x p o s u r e s .  
N e v e r t h e l e s s , i n  v i e w  o f  s e v e r a l  u n e x p l a i n e d  
f e a t u r e s , o u r  c o n c l u s i o n s  m u s t  b e  o n l y  
t e n t a t i v e  a t  t h i s  s t a g e ,  a n d  o b v i o u s l y  
f u r t h e r  w o r k  i s  c a l l e d  f o r .
A c k n o w l e d g e m e n t
We w i s h  t o  t h a n k  t h e  S c i e n c e  a n d  E n g i n e e r i n g  
R e s e a r c h  C o u n c i l  f o r  t h e i r  s u p p o r t .
R e f e r e n c e s
1 . P . H a u t o j a r v i  ( E d ) ,  P o s i t r o n s  i n  S o l i d s ,  
T o p i c s  i n  C u r r e n t  P h y s .  J ^ ,  ( S p r i n g e r ,  
H e i d e l b e r g ,  1 9 7 9 ) .
2 .  W. B r a n d t  a n d  A .  D u p a s q u i e r  ( E d s ) , 
P o s i t r o n  S o l i d  S t a t e  P h y s i c s  ( N o r t h -  
H o l l a n d ,  A m s t e r d a m ,  1 9 8 3 ) .
3 .  P . R i c e - E v a n s , I .  C h a g l a r  a n d  F . A . R .  E l  
K h a n g i ,  P h y s . R e v . L e t t .  7 1 6  1 9 7 8 .
4 .  M. S h i m o t a m a i ,  T .  I w a t a ,  T .  T a k a h a s h i  
a n d  M. D o y a m a ,  J . P h y s . S o c . J a p a n ,  ^
6 9 4  1 9 8 3 .
5 .  J . G .  D a s h ,  F i l m s  o n  S o l i d  S u r f a c e s  
( A c a d e m i c  P r e s s ,  N ew  Y o r k ,  1 9 7 5 ) .
6 .  P .  R i c e - E v a n s ,  I .  C h a g l a r  a n d  F . A . R .  E l  
K h a n g i ,  P h y s . L e t t .  8 1 A  4 8 0  1 9 8 1 .
7 .  N .  G a n g u l i  a n d  K . S .  K r i s h n a n ,  P r o c . R o y .  
S o c . ( L o n d ) ,  A 1 7 7 1 6 8  1 9 4 1 .
8 .  K . G . L y n n  a n d  H . L u t z ,  P h y s . R e v . B ,  2 2  
4 1 4 3  1 9 8 0 .
9 .  K . , G . L y n n  -  c h a p t e r  i n ' r e f e r e n c e  (2)
1 9 8 3 .
B e l o w  1 3 0 K ,  i n  t h e  p r e s e n c e  o f  o x y g e n ,  o n e  
s e e s  a  s h a r p  r e d u c t i o n  i n  t h e  w i d t h  o f  t h e
POSITR ON A NNIHILA TION
e d ite d  b y  P. C. J a in . R . M. S in g ru  & K. P. G o p in a th a n  
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P . O .  R i c e - E v a n s  , K . U .  R a o  , M. M o u s s a v i - M a d a n i  ,  He Y u s h e n g  , a n d  A . p . C .  G r a s s i e
* D e p a r t m e n t  o f  P h y s i c s ,  B e d f o r d  a n d  R o y a l  H o l l o w a y  C o l l e g e s ,  R e g e n t ' s  
P a r k ,  L o n d o n ,  NWl 4 N S , E n g l a n d .
* *  D e p a r t m e n t  o f  P h y s i c s ,  T s i n g h u a  U n i v e r s i t y ,  P e k i n g ,  C h i p a .
* * *  D e p a r t m e n t  o f  P h y s i c s ,  S u s s e x  U n i v e r s i t y ,  B r i g h t o n ,  E n g l a n d .
( P b G e ) T e  i s  a  n a r r o w  g a p  c h a l c o g e n i d e  s e m i c o n d u c t o r  m a t e r i a l  t h a t  i s  o f  
i n t e r e s t  t e c h n o l o g i c a l l y  b e c a u s e  i t  i s  e a s i l y  o b t a i n e d  i n  t h e  c r y s t a l l i n e  
s t a t e  a n d  b e c a u s e  i t  h a s  a  s t r u c t u r a l  p h a s e  t r a n s i t i o n  w i t h  a  t r a n s i t i o n  
t e m p e r a t u r e  t h a t  i s  d e p e n d e n t  o n  t h e  c a r r i e r  c o n c e n t r a t i o n  a n d  t h e  g e r m a n i u m  
c o m p o s i t i o n .  T h e  D o p p l e r - b r o a d e n i n g  o f  t h e  5 1 1  k e V  r a d i a t i o n  a r i s i n g  f r o m  
p o s i t r o n s  a n n i h i l a t i n g  i n  t h e  s e m i c o n d u c t o r  h a s  b e e n  s t u d i e d  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e .  T h e  r e s u l t s  f a i l e d  t o  s h o w  a n y  i n d i c a t i o n  o f  t h e  p h a s e  t r a n s i ­
t i o n ,  e x p e c t e d  t o  o c c u r  a t  a b o u t  1 5 0  K ,  b u t  t h e  r o l e  o f  t h e  d e f e c t  
s t r u c t u r e s  w a s  s i g n i f i e d  a s  t h e  t e m p e r a t u r e  w a s  v a r i e d .  A d e t r a p p i n g  
p h e n o m e n o n  w a s  s e e n  i n  t h e  r e g i o n  77 K  -  3 0 0 K ,  a n d  a  s l o w  c l u s t e r i n g  o f  
s h a l l o w  d e f e c t s  c o m m e n c e d  a t  3 0 0  K ,  r e a c h e d  a  m a x im u m  a t  4 5 0  K ,  a f t e r  w h i c h  
a n n e a l i n g  w a s  e v i d e n t .
T h e  c h a l c o g e n i d e  ( P b , G e ) T e  i s  a  n a r r o w  g a p  
s e m i c o n d u c t o r .  I t  i s  o f  c o n s i d e r a b l e  
i n t e r e s t  i n  t h e  p h y s i c s  a n d  t e c h n o l o g y  o f  
s e m i c o n d u c t o r s  d u e  t o  t h e  f a c t  t h a t  i t  i s  
e a s i l y  o b t a i n e d  i n  t h e  c r y s t a l l i n e  s t a t e ,  
a n d  t h a t  i t  h a s  a  s t r u c t u r a l  p h a s e  t r a n s i ­
t i o n  w i t h  a  t r a n s i t i o n  t e m p e r a t u r e  t h a t  i s  
d e p e n d e n t  o n  c a r r i e r  c o n c e n t r a t i o n  a n d  
g e r m a n i u m  c o m p o s i t i o n .  P o s i t r o n  a n n i h i l a ­
t i o n  m e a s u r e m e n t s  h a v e  a l r e a d y  p r o v e d  t o  b e  
a  v a l u a b l e  a p p r o a c h  t o  t h i s  c l a s s  o f  s e m i ­
c o n d u c t o r s  ( 1 , 2 )  a n d  t h e y  m i g h t  b e  e x p e c t e d  
t o  y i e l d  i n f o r m a t i o n  o n  p h a s e  t r a n s i t i o n s ,  
o n  t r a p p i n g  s i t e s  a n d  o n  d e f e c t  c o n c e n t r a ­
t i o n s  .
M o k r u s h i n  e t  a l  ( 1 )  u n d e r t o o k  l i f e t i m e  a n d  
a n g u l a r  c o r r e l a t i o n  s t u d i e s  o n  v a r i o u s  
c h a l c o g e n i d e s  ( e . g .  A s ^ j T e g g  a n d  G e i g T e g g )  
i n  b o t h  c r y s t a l l i n e  a n d  g l a s s y  s t a t e s .
T h e y  o b s e r v e d  a  s i n g l e  l i f e t i m e  c o m p o n e n t ,  
x . =  0 . 3 5  ± . 0 3  n s ,  f o r  a l l  c o m p o u n d s  a n d  
b o t h  s t a t e s .  T h e  a n g u l a r  d i s t r i b u t i o n s  
i n d i c a t e d  a  p r e d o m i n a n c e  o f  p o s i t r o n  
a n n i h i l a t i o n  w i t h  c h à l c o g e n  a t o m s ;  a n d  t h e  
a u t h o r s  c o n c l u d e d  t h a t  t h e  a n n i h i l a t i o n  w a s  
e s s e n t i a l l y  o f  p o s i t r o n s  b o u n d  i n  v a c a n c y  
d e f e c t s .
T h e  p o l y c r y s t a l l i n e  s a m p l e  f o r  t h e  p r e s e n t  
s t u d y ,  m a d e  i n  S u s s e x  f r o m  a  m e l t  w i t h  
w e i g h e d  p r o p o r t i o n s  o f  p u r e  (5N )  e l e m e n t s ,  
w a s  P b ^ _  Ge T e  w i t h  x  = 0 . 0 7 ;  a f t e r  
m e l t i n g  i n  a n  r f - f u r n a c e ,  t h e  s a m p l e  w a s  
q u e n c h e d  i n  i c e d  w a t e r .  F i g u r e  1 s h o w s  a  
r e s i s t i v i t y  m e a s u r e m e n t  o n  t h e  m a t e r i a l .  , 
T h e  a n o m a l o u s  p e a k  a t ^ 5 0 K  i s  t a k e n  t o  
i n d i c a t e  a  f e r r o e l e c t r i c  p h a s e  t r a n s i t i o n .
T e m o e r a t u r e  IfC)
F i g . 1 .  T h e  r e s i s t i v i t y  o f  t h e  s a m p l e  o f  
( P b , G e ) T e  p l o t t e d  a s  a  f u n c t i o n  o f  
t e m p e r a t u r e .
f r o m  a  r h o m b o h e d r a 1  t o  a  c u b i c  s t r u c t u r e ,  
a s s o c i a t e d  w i t h  a  d e c r e a s e  i n  t h e  r e l a x a t i o n  
t i m e  o f  t h e  f r e e  c a r r i e r .  T h e  s a m p l e  h a d  
l a i n  f o r  s e v e r a l  y e a r s  a t  r o o m  t e m p e r a t u r e ' -  
p r i o r  t o  t h i s  e x p e r i m e n t ;  h e n c e  a n y  d e f e c t s  
i n i t i a l l y  p r e s e n t  a t  77K  w o u l d  b e  t h o s e  t h a t
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c o u l d  s u r v i v e  a t  3 0 0 K .
P o s i t r o n  a n n i h i l a t i o n  i n  t h e  s e m i c o n d u c t o r s  
h a s  b e e n  i n v e s t i g a t e d  w i t h  t h e  B e d f o r d -  
D o p p l e r - b r o a d e n i n g  s p e c t r o m e t e r .  Tw o 1 mm. 
t h i c k  s l i c e s  s a n d w i c h e d  1 0 0  p-c o f  ^ i - N a C l , 
a n d  t h e  s a m p l e  w a s  s u b j e c t e d  t o  t e m p e r a t u r e s  
r a n g i n g  f r o m  7 7 - 4 0 0 K  i n  a  c r y o s t a t  a n d  
3 0 0 - 6 0 0 K  i n  a  v a c u u m  f u r n a c e .  T h e  g e r m a n i u m  
p h o t o n  d e t e c t o r  r e c o r d e d  5 1 1  k e V  l i n e  s h a p e s ,  
w i t h  t w o  h o u r s  f o r  e a c h  t e m p e r a t u r e .  T h e  
i n t r i n s i c  r e s o l u t i o n  o f  t h e  s y s t e m  w a s  1 . 0 5  
k e V  a t  5 1 4  k e V .  E a c h  s p e c t r u m  w a s  
a c c u m u l a t e d  i n  t w o  h o u r s .
T h e  m e t h o d  r e l i e s  o n  a s s e s s i n g  t h e  s h a p e  o f  
t h e  5 1 1  k e V  p h o t o n  a n n i h i l a t i o n  l i n e .  
E n e r g e t i c  p o s i t r o n s  f r o m  t h e  r a d i o a c t i v e  
s o u r c e  a r e  a s s u m e d  t o  b e  r a p i d l y  t h e r m a l i s e d  
t o  n e g l i g i b l e  v e l o c i t i e s  a n d  t h e  D o p p l e r -  
b r o a d e n i n g  i s  m a i n l y  d u e  t o  t h e  e l e c t r o n  
m o m e n tu m  o f  t h e  e + e “  p a i r .  T h e  c o n v e n t i o n a l  
l i n e - h e i g h t  p a r a m e t e r  F  h a s  b e e n  e m p l o y e d  
w h i c h  i s  t a k e n  e s s e n t i a l l y  t o  i n d i c a t e  
c h a n g i n g  p r o p o r t i o n s  o f  a n n i h i l a t i o n s  w i t h  
o u t e r  ( l o w e r  m o m e n tu m )  a n d  i n n e r  ( h i g h e r  
m o m e n tu m )  e l e c t r o n s .  F  i s  d e f i n e d  a s  t h e  
a c c u m u l a t e d  n u m b e r  o f  c o u n t s  i n  t h e  c e n t r a l  
r e g i o n  o f  t h e  5 1 1  k e V  p e a k ,  n o r m a l i s e d  t o  
t h e  t o t a l  p e a k  a r e a  ( 3 ) .  T h e  u n d e r l y i n g  
b a c k g r o u n d  b e l o w  t h e  p e a k  h a s  n o t  b e e n  s u b ­
t r a c t e d .  T h e  c o n v e n t i o n a l  t r a p p i n g  m o d e l  
h a s  b e e n  u s e d  t o  a n a l y s e  t h e  r e s u l t s  ( s e e  
( 4 )  ) .
T h e  r e s u l t s  o f  a  s e q u e n c e  o f  m e a s u r e m e n t s ,  
i n d i c a t e d  a l p h a b e t i c a l l y  A-vS, a r e  s h o w n  i n  
F i g . 2 .  I n i t i a l l y  t h e  s a m p l e  w a s  p l a c e d  i n  
t h e  c r y o s t a t  a n d  t h e  t e m p e r a t u r e  r e d u c e d  t o  
7 7 k .  T h e  r u n s  A C E w e r e  r e c o r d e d ,  
a f t e r  w h i c h  t h e  s a m p l e  w a s  a l l o w e d  t o  c o o l  
a g a i n  t o  7 7 K  w h e r e  a  f u r t h e r  m e a s u r e m e n t  
w a s  m a d e  ( F ) . We t a k e  t h e  f a c t  t h a t  t h e  
F - p a r a m e t e r  i s  t h e  s a m e  a t  b o t h  E a n d  F  t o  
s u g g e s t  t h a t  t h e  p o s i t r o n  t r a p p i n g  r a t e  i s  
i n d e p e n d e n t  o f  t e m p e r a t u r e  f o r  d e e p  t r a p s  o n  
t h e  a s s u m p t i o n  t h a t  t h e  t r a p s  a t  E a n d  F 
a r e  i d e n t i c a l  ( i . e .  f r o z e n  a t  F ) .  T h e  
d e c l i n e  i n  F , f r o m  A -*■ B C ( 3 5 0 K )  a p p e a r s  
t o  b e  a  r a r e  e x a m p l e  o f  d e t r a p p i n g  f r o m  
s h a l l o w  t r a p s  ( 5 ) .  T h e  r i s e  C D E ( 3 7 0 -  
4 3 0 K )  i s  t a k e n  t o  i n d i c a t e  t h e  c l u s t e r i n g  
o f  s h a l l o w  d e f e c t s  t o  c r e a t e  d e e p e r  t r a p s ,  
p o s s i b l y  v a c a n c i e s  ( s e e  ( 6 )  ) .
O n  t r a n s f e r  t o  t h e  f u r n a c e ,  c o m m e n c i n g  a t  
3 0 0 K  t h e  r i s e  G H -»• I  o c c u r s .  T h i s  r i s e  
i s  s u r p r i s i n g .  I t  r a t h e r  s u g g e s t s  t h e  
c l u s t e r i n g  w a s  n o t  c o m p l e t e  a t  E ,  b u t  c o n ­
t i n u e d  t o  o c c u r  a t  a  r e l a t i v e l y  s l o w  r a t e  
o v e r  t h e  s a m e - t e m p e r a t u r e  r a n g e  i n  t h e  
f u r n a c e .
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F i g . 2 .  T h e  p o s i t r o n  a n n i h i l a t i o n  D o p p l e r  
l i n e - h e i g h t  p a r a m e t e r  F  p l o t t e d  a s  a  
f u n c t i o n  o f  t e m p e r a t u r e .  T h e  s e q u e n c e  o f  
m e a s u r e m e n t s  i s  i n d i c a t e d  a l p h a b e t i c a l l y .
T h i s  i s  c o n f i r m e d  b y  t a k i n g  t h e  s a m p l e  d o w n  
t o  3 0 0 k  a n d  t a k i n g  p o i n t s  MNOP w h i c h  h a v e  
t h e  c h a r a c t e r i s t i c  a p p e a r a n c e  o f  r e s u l t s  f o r  
a n  a n n e a l e d  c r y s t a l .
T h e  a n n e a l e d  c r y s t a l  w a s  r e p l a c e d  i n  t h e  
c r y o s t a t  a n d  t h e  r a n g e  Q - j-  R S s t u d i e d .
T h e  a b s e n c e  o f  a n y  s i g n i f i c a n t  f e a t u r e  a t  
a b o u t  1 5 0K  m e a n s  t h e  p h a s e  t r a n s i t i o n  i s  n o t  
o b s e r v a b l e  a l t h o u g h  t h e  s c a t t e r  o f  p o i n t s  
m i g h t  h i d e  a  s m a l l  e f f e c t .
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Positronium formation at physisorbed monolayer surfaces of argon, nitrogen, 
and oxygen on graphite
P. R ice-E van s, M . M o u ssa v i-M a d a n i, K . U . R a o , D . T . B r itto n , and  B. P . C ow an  
Departm ent o f  Physics, R oyal H ollow ay & Bedford N ew  College 
(University o f  London), Egham, Surrey, England  
(Received 4 June 1986)
Photon spectra arising from positrons annihilating at surfaces in exfoliated graphite have been 
measured over a range o f temperatures. T he role in the annihilation process o f physisorbed equili­
brium layers o f  argon, nitrogen, and oxygen has been observed. With argon and nitrogen the forma­
tion o f orthopositronium is indicated by a three-to-two y  ray ratio; for nitrogen maximum o-Ps was 
found to occur on completion o f  one monolayer. In contrast, a Doppler analysis shows that oxygen 
yields parapositronium. In the case o f nitrogen, the results allow the estim ation o f  the coverage, the 
binding energy o f the m olecule to the carbon substrate, and the activation energy for the process o f  
Ps emission from the surface traps.
MS code no. LH3136B 1986 FACS number(s); 71.60. - f  z, 68.45. —v
T h e  in v en tio n  o f  m o n o ch ro m a tic  lo w -en erg y  p o sitro n  
b eam s’"^ has been im portant, and early  a d v a n ces are b e­
ing m ade in our k n ow led ge  o f  p ositron  in tera ctio n s at 
solid surfaces."^ F or exam ple, the fact th at p o sitro n s m a y  
be trapped in su rfa ce  sta tes has been co n firm ed  by th e  o b ­
servations o f  en h an ced  therm ally  desorbed p o sitro n iu m  at 
increasing tem peratures."’  ^ H ow ever, the th eory  o f  the  
positron su rface  sta te  is still in com p lete; in d eed , recen tly  
reported 2 y  angu lar correlation  results^ on an a lu m in iu m  
surface in d ica tin g  an iso trop ic  m o m en tu m  d istr ib u tio n  
have not been co n sisten t w ith  e ith er a p o sitro n  bou n d  by  
its “ im a g e  correla tion  poten tia l” ’^  ^ or a p o s itro n iu m  a to m  
weakly bound to  th e  surface.® It is c lear that m o re  e v i­
dence on the beh av ior  o f  positrons under a va r ie ty  o f  su r­
face co n d itio n s is needed to resolve th e  th eo retica l u n cer­
tainties. O ne su ch  co n d itio n  is the tw o -d im en sio n a l layer  
of gas con d en sed  o n  a  kn ow n substrate fo r  w h ic h  p o sitro n  
trapping sites are, -in princip le, cap ab le  o f  be ing  w ell 
characterized. In th is  paper w e sh o w  th at p o sitro n s  
respond sen sitiv e ly  to  m onolayer coverages o f  argon , n i­
trogen, and oxy g en  on graphite.
P h ysiso rp tio n  is governed  by van der W aals fo rces and  
inform ation on  the grow th , phases, and reg istra tion  o f  
thin film s^ as a fu n ctio n  o f  tem perature has been acqu ired  
from isotherm  and ca lorim etry  studies'® '" neutron  d if ­
fraction,'" N M R ,'^  and low -energy  electron  diffraction'"* 
m ethods am ongst others. It rem ains to  be seen  w h eth er  
annihilating positron s w ill provide new  in sig h ts  in to  th e  
therm odynam ics o f  low -d im en sion a l sy stem s. ; __
Beam  stu d ies require UM V to fa c ilita te  positron  tra n s­
port and ensure u n con tam in ated  su rfaces. E q u ilib r iu m  
m onolayer sy stem s are m ore easily  in vestig a ted  by ther- 
m alizing fast positron s w ith in  a so lid  su bstra te  and re ly ­
ing on a large su rfa ce-to -v o lu m e ratio to  ensu re  that p o s i­
trons have a h igh  probability  o f  a n n ih ila tin g  at th e  su r ­
face. H igh  ratios are possib le  in pow der sa m p les, but they  
iirc a lso  obtained  in graphite  that has been e x fo lia te d — a 
process that in v o lv es the form ation  o f  in terca la tio n  c o m ­
plexes w ith in  la y er -stn ic tu ied  crysta ls , and su bseq uent
h e a tin g  w h ic h  ex p lo d e s  th e  layers apart, to  fo rm  a u n i­
fo rm  su b stra te  o f  large area. F urtherm ore, su rfa ce  o x id a ­
tio n  o f  carb on  d o es n ot arise.
T o  stu d y  th e  role o f  p o sitro n s at ph ysisorbed  tw o - 
d im e n sio n a l stru ctu res o n  G rafo il,'^  w e have  m easured  
th e  a n n ih ila tio n  p h o to n  sp ectru m  w ith  a g erm a n iu m  
d etec to r  as a fu n c tio n  o f  sa m p le  tem perature. A  c o n v e n ­
t io n a l sa n d w ich  c o n ta in in g  100 /r Ci"^NaCl w as prepared . 
B eca u se  o f  th e  lo w  d en s ity  (0 .9 4  g c m ~ ^ )  o f  G ra fo il, the  
so u rce  w as d ep o sited  d irec tly  at th e  cen ter  o f  a sta ck  o f  12 
p ieces o f  G ra fo il, each  1 X  1 X O .0 4  cm^, the num ber n eed ­
ed to  sto p  a ll th e  p o sitro n s. A fte r  preparation  the sa m p le  
w a s transferred  to  a cry o sta t capab le  o f  m a in ta in in g  c o n ­
tro lled  tem p eratures in  the range 7 7 —4 6 0  K .
T h e  sp ec im en  ch a m b er  w as m ade o f  brass w h ic h  lay  in  
a D e w a r  o f  liq u id  n itro g en . T h e  o x y g en  and argon  g a ses  
w ere  in tro d u ced  in su ff ic ie n t  a m o u n ts to  ensure th ey  c o n ­
d en sed  in to  liq u id  p o o ls  at th e  b ottom  o f  the cham ber: 
h e n c e  th e ir  eq u ilib r iu m  pressures at 77 K  prevailed  fo r  all 
m ea su rem en ts; i.e ., 156 and  190 T orr, resp ectively . T h e  
su sp en d ed  G ra fo il sa m p le  w as m ain ta ined  at a range o f  
tem p eratu res and  the g a ses w ere physisorbed  on the ca r­
bon su b stra te  under eq u ilib riu m  c o n d itio n s  at the p rev a il­
in g  pressure. In th e  c a se  o f  n itrogen  fou r  sets o f  m easure-. 
,m ents w ere taken at d ifferen t pressures.
W e ha v e  a n a ly zed  th e  sp ectra  in several w ays. S p e c if i­
ca lly , to  seek  the fo rm a tio n  o f  o r th o p o sitro n iu m , w h ich  
en ta ils  3 y  d eca y s, w e  ha v e  recorded th e  co n ten ts o f  the  
w h o le  5 M -k cV  p h o to p ea k  ( A )  and a lso  o f  a band o f  c h a n ­
n els [B )  in the C o m p to n  region correspon d ing  to an ener­
gy  band at 190—2 0 0  keV . B oth  A  and F  ( =  A / B )  w ill be 
in d ica to rs  o f  th e  stren g th  o f  3 y  even ts, i.e., o r th o p o s i­
tro n iu m  decay.'** T h e  D o p p ler  broadening is illu stra ted  
w ith  th e  lin e-h eig h t p aram eter /', d e fin ed  as the ratio  o f  
th e  c o n te n ts  o f  the cen tra l 15 ch a n n els  in the 51 1 -k eV  
p h o to p ea k  to  A;  and  in the a n a ly sis o f  the peaks in to  par­
a b o lic  and G a u ss ia n  co m p on en ts'^  by co n v o lu tin g  th e  in ­
tr in sic  reso lu tion  ( r )  o f  the sy stem  determ ined  w ith  the  
®^Sr lin e  at 514 keV and fittin g  the expression:
\f ( x )  =  a f _  c x p [ t = - x ' —x ) ~ / 2 a } ; ] r ( x —x ' ) d x '
+  /) I - [ I —( x ' — X )~ /2 a j . ] r ( x  ~ x ' ) d x '  ,-<T,,v 2
from wliicli the widths i a Q , a p )  and the relative intensity 
of the parabolic component ( i f > 2 —3% ) can be obtained. 
It has also been valuable on occasion to analyze instead 
for two Gaussian components.
Prior to the physisorption measurements we studied the 
positron-annihilation characteristics o f Grafoil in vacu­
um. Figure 1, which shows the gentle trends o f the pa­
rameters as a function o f temperature, is presented to pro­
vide contrast with the physisorption experiments. The 
only comparable work on such a system has been on posi­
tron lifetim es,’* which found essentially three com ­
ponents, 200, 410, and 1800 ps, interpreted as annihila­
tions in the bulk, in surface-trapped states or quasi-Ps 
states bound on the surface, and as orthopositronium. We 
can note that in Fig. Kb), a declining Y  indicates a slow  
increase in the formation o f positronium as the tempera­
ture rises above 200 K.
Figure 2(a) shows the results with argon in the 
chamber; the Y  parameter shows a very distinctive 
minimum at 120 K indicating a maximum o f  orthoposi­
tronium. Figures 2(b) 2(c), 2(d), and 2(e) show the results 
for nitrogen at equilibrium pressures o f 30, 130, 290, 790 
Torr, respectively. Sharp minima are again observed, im ­
plying maximum o-Ps at 105, 119, 127, and 140 K. For 
both argon and nitrogen only slight variations were ob­
served in the other parameters.
Oxygen is a different case. In Fig. 3(b) the dip in A 
(Ref. 19) indicates only a modest increase in o-Ps at low  
temperatures. However, the corresponding values o f  F  
rise sharply as the temperature declines below 140 K,
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FIG. 2. Formation o f  orthopositronium; The Y  parameter as 
a function o f  temperature for (a) G rafoil in argon at 190 Torr: 
and (b), (c), (d), and (e) G rafoil in nitrogen at 30, 130, 290, and 
790 Torr, respectively, showing the displacem ent o f the peak in 
Ps formation with pressure.
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reaching a maximum at MOO K, only to drop again at 90 
K. The origii^of this rise is seen in Fig. 3(d), where a 
sharp spike o f  width o f only about two chaniiels appears 
in the Doppler spectrum. This must be parapositronium  
decaying via 2y, implying a strong quenching o f orPs by 
the oxygen, either in a condensed layer or in the gas. We 
attribute the disappearance o f the 2 y  spike at 90° to the 
suppression of Ps formation by multiple overlayers o f ox­
ygen. The 2 y  spike is reminiscent o f the finding*^ o f a • 
reduction in the 3y fraction for overlayers of chemisorbed ; 
oxygen on aluminium and a spin-exchange process leading 
to p-Ps.
The results must be mainly associated with the conden- ' 
sation of gas; it is inconceivable that the temperature : 
alone could affect so discretely the interactions o f posi­
trons or the formation o f positronium. Although an ex­
tensive literature exists on monolayers, the vast majority 
iconcerns layers laid down at very low temperatures with 
low pressures; very little appears comparable with our , 
measurements in a context o f high equilibrium pressures.
In the case o f graphite in vacuum, the decline in Y  at 
^high temperatures suggests positrons in relatively deep 
traps on the carbon surface emerging as Ps. Assuming Ps , 
emission is a thermal process,'’* fitting Fig. Kb) with 
F = C exp ( —E a / k t )  yields a value for the activation ener- : 
gy Ea o f 0.07 eV, which is lower than the 0.23 eV pro- ; 
posed in Ref. 18. If E a = E f , + < P -  — 6.8  eV, where 
i^ _ =  5.0 eV is the electron work function for c a r b o n , ; 
then the positron binding energy Ei, is 1.87 eV which is ; 
lower than for most metals.*
I For argon the simplest explanation is that the decline in 
T  for temperatures 160-^120 K corresponds to enhanced 
Ps formation as a condensed monolayer develops, and that 
the rise for 120—^ 80 K coincides with further condensa- . 
tion inhibiting Ps creation. Nitrogen is similar. With ox- ; 
ygen, however, rather than a sharp maximum in Ps pro- ■ 
duction, a plateau appears in the F-parameter curve [Fig. 
;3(a)] which disappears only at 90 K, suggesting that mul- , 
tilayers fill the spaces within the Grafoil and stop all Ps 
formation at this temperature.
For a fluid monolayer, bound to a substrate and j 
in equilibrium with the adjacent gas, the ideal | 
two-dimensional gas model with the Boltzmann app­
roximation may be applied.^ The relation between 
coverage in  molecules m~ ~ )  and pressure ( P)  is 
^ ~ [ } i k T /  À )exp( — £o/A:D, if  n A .* « l  and where
k r ^ h / {ÏTHukTŸ^^ wwd c» is the binding energy- of thcn- 
molccule to the substrate. The equation can be applied to 
nitrogen which is fluid above 85 K for near-monolayer'" 
coverages.'"’’* _  . :
Assuming the T-parameter minima for nitrogen in Fig.
2 correspond to the same physical state, i.e., the same 
-value o f /f,„, in each case, one can fit the four minima to 
the two-dimensional (2D) gas equation to yield Eq and n „ .  
The fitting was most satisfactory: the optimum value o f  
Eq was 1170 K which agrees reasonably with theory, 1070 
K ,* 'll5 9  K,** and for calorimetric measurements, 1177 
K.*-*
The best = ( 7 . 1 ± 1 .2 )X  10’*m oleculesm  “ *, which 
can be compared with an estimated density for 100% cov­
erage. Assuming the fluid is “triangularly packed,” and 
taking a value o f 4.1 A  for the N 2 —N 2 nearest-neighbor 
distance on a structureless surface,*' this corresponds 
to a coverage o f (103 ±17% ). We think the alternative 
view that the positron traps are at a maximum at 50% 
coverage**  ^ in unlikely in view o f  the strong mutual repul­
sion o f the N 2 molecules at smaller separations. We there­
fore conclude that positronium emission increases as the 
monolayer builds up, but decreases as the bilayer develops.
It is possible to apply the trapping model formula*’* to 
fit individual peaks on the right-hand slope, i.e..
Fq-  ‘ -  r  ;  'Z r  -  ' exp( A -D
1 —Z / -  ' exp{ —Ea / k T )
T - ’ =
in which allowance is made for thermal promotion of Ps 
emission from traps with an activation energy E^,  and 
where it is assumed that the rate Z  is proportional to cov­
erage n at temperatures above the minimum in Y. Fair 
fits were achieved; our values averaged at = 0 .0 3 5  
±0.015 eV for nitrogen.
We conclude that Ps is emitted from trapped states 
determined by physisorbed monolayers o f atoms or mole­
cules on a regular substrate, and that the finding 
represents an advance in our prospects o f characterizing 
surface traps for positrons. Furthermore, we show the 
positron method enables one to explore the creation of 
fluid monolayers at high temperatures and high pressures.
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